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Nat1, HC1 and..NaOH . on the. high Cemperatureoxid_tionand. Na2SO_-induced _o_rosion.
behavi_r.ofth_ alumina ,former.NiA1, the _hr_mia foyer Ni-25_.% Cr, and elemental

i]. Cr, and lastly the sup_ralloy'B-1900. Experiments were conducted at 9007 a_d i050°C i!;
in alr iA the presence and absence of'the gaseoua corrodents. EffeCts involving
both reaction rates and mlcr_struCtural changes in oxide morphology_were observed

Iiii' due to the presence of. these corrode_ts at levels anticipated tO he present in operating" !
induStrial and marine gas turbines. The effect o# gaseous NaCI, HCl and possibly I
NaOH on NiA1 in slmpleoxidatlon was to rgmove aluminum from belo_ the protective

_I al'amina layer and to simt_ltaneousl_weaken the adherence of the prOtectiv_ alumina I ioxide scaleto the substrate. The aluminum remOved frombelo_ the oxide scale 'r,i

wa_ redeposlted on its. Surface as a-Al203 whiske_s. With respect to t_e c_romia I

!i] formers, _aseous "NaCI and HCf promoted _re&_aw_y oxidation kinetics andlhetero- igeneous scale development. __,

!_ with_espec_to_.sulfidation-cor_slonsNaClv,pors,_er_f_u_dto_iti_,te i
the corrosive, effect of.N_2SO h on NiAI at I050_C. Conversely the. NaCl(g) i !

t_

attack o£ chromium.in oxidation was found to be retarded b_ Na2SOh(c) deposits. _

It wa_also determined that the NaCI inherently present-'withln deposited Na2S0 h
ati_purity levels, i.e., low ppm values, was sufficient to interact with alumina

scales. M6reove_, at these _evels NaCI was found not to be preferentially'lost !!

from condensed Na2SO._h/.L_ .,

In _IMpl_ oxidation t_e effect of NaCl(g) on B-1900 was found to be similar

to that observed for N_.I, i.e., _-AI203 e_29tals were deposited on the surfaceo# the protective oxide. _equen_ly regions extensively de_leted of"_amma

pri_e (NisA1) precipitates were observed in the _ubstrate. Additionally, sub-

_ strate miCrost_ucturesanalogous, to those 4ound _n t_e Na2SOhrindu_ed _otc_rroslon of thls a_loy - except for the obvious abs@nce of sulfide preCiplta_es-

............[]

were produced.

II
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S}Ud)' of th_ Effect_ sfyaaseous E_viro_ents |!

on _ulfidation A_taek _f Sup e_allgys
L!

[I
[. INTRODUCTION

Li

The families of .alloys developed for uge in.the gas turbine, enffine are

among the strongesZ and.most oxidation resistant structural materials designed . _I
for _s_ at .elevated temperatures. The desire for.more efficient engines re-

L1

quired higher and higher, gas turbine tempfratures which in..turn spurred the
devel6pment of..the _" "_ [Iamm.y of alloys: currently known as the nickel- a_d eobalt-

!i base snperalloys. These_alloyS are, vith respect to their melting point, among ......._!

i- the strongest alloys known.. !I '
The alloys developed for use in gas turbines, upon. exposure to air.at ele-

vated temperatures: form.oxide.Scales enriched in chromium and/or aluminum,

However, ._imp!e-oxidation is not %he. only corroSion•problem encountered _ [!
in gaS.tUrblne engines. Salt••crystals •present in the intake air .and _- -

impurities present in the fuels.car, combine withirL the gas turbine combu_tor

to fore,inure quantities of._orrosive salts which cs_u deposit,onto.turblne __! .'icomponents.. TheSe .fused alkali salts increase the rate of.me.tal wastage orders

of.magnitude, Although protective coatfngs have been developed to_extend .the ..

life .of turbine components, in the .presence .of..thesealkali, salts, th_ _oating_. II
all too soon are defeated s_d the Substrates corroded. L_

The attac_, of gas turbine components by fused salts is.coz_monly referred !|

to as hot corrosion. _e at.tack associated wlth the _resence of fused sulfates [_._

is do_monly referred to as sulfidation attack. The .term "sulfidatlon attack"

is based .upon the observation that .sUlfur-rich precipitates are metallo .... [i
_rapllically observed in the microStructures of corroded components, [ '

The sulfidation phenomenon has b_en intensively _tudiad-for more.._han .a I] '

decade, a_d i_ is realized that. & solution tO. th_._ulfidation problem .requires _ i_

a basic understandin_ of the corrosion mechanism(s) _o that. appropriate correc_ ..

%iv_ action can b_ taken. 1% _s im_prtant to also _ealiz_ that, ba_ed upo.n I1"

Cnrr@nt knowledge, the sulfida_ion problem cu_rentlyencountered will be a._aJor _J '' 1

problem .for machines U_ing coal-deriMed synthetic fuel oils. and gase._.because _I

corrodents are_. for_ed from natt_aily occurring impuriti_s, in+the coal. FUrther-- H• mo_e. these impurities are nat. _eadily .r_oved by Current processing t_chniques. _. • t

CorrosiV_ compounds that. are. li_ely to be. found in _he hot _ec_ion of turbines U'_ "''T_]
operating in _rinc and industrial envlronme_ts include Na2S04, NaCI as well a_

ItaOHL._i_a lir:'l _ i:

li-



Condensed NaGI, _ither •alone on in mixture_co_ai_inc.1_a2SO _,

ha_.been _o%_nfor. manyy_ars robe highly corrosiv_th_e_pe_ to _truc-.

..; . _ rural _loys. Simil_ly, high activities of _OH and HCf are ver_. aggressive -

' .!. i specie_ for metallic materi_s. However the effect o_ NaCl, HCI,.NaOH vapors and.

! "1 Simfl_ vapor _p_cies identified within the _aseous _bi_e environment i_ not
l known. _cordi_ly, little 'effort _s.been ex_ended unti!relatiVely re_entl_-

...._i to determine i_ any interaction exists between .lowactivity gaseous corrode_ts ,

.....!. and metallin substra_es and to adequa%ely characterize SUch i_teractiOn_.

_! The critical step in the corrosion.p_enome_on,._ulfidation attack, is-the.
destruction o_ the norm_ly protective oxide l_er _hich_eparate_ the fused salt

from the-subStr_e, i_ _Orato_ test_, it has-been shown that O_e 'me_s .by which

i the.norm_iy pro_ecti_e layer is rendered.ineffectual is by disSolutiOn o_.the..

i Oxide. as,a result of interaction between the scale and oxide ions present ,in the

melt. Other me_s_y_hich the-normal!_"protective scale c_ be compromised are

• (a) local, reducing conditions,. (b)mech_ical erosion, (c) mechanic_ fa_s

• acc_panylng._ide gro_h, (d) the_al stresses, (_)sup_rimpqsed.operating

stresses _d (_)mech_ical diaruption resulting from chemical.reactions,

_derstanding of _he mech_ism_,by which the normally protective-sc_eS.

are rendere_ in_ffectu_ is a pr_re_Isit_.forthe attenuatlon.of and/or, pre-

vention of sul#idation corrosion..The.mechanism w_ich relates to scale.break-

do_.aS a.r_sult o_.chemical .reactions with various._h_ical species,.e.g., NaCl,
•_ HCl, NaOH, present in the ga_ phase has received little.attention and is little

_derstood even though it.is potentially as important as ._yother mech_i_m.

I_ Hence, the thrust of this wor_ iS directed _oward._derst_ding the mechanism(_)
i by _ich the protection norm_ly afforded, by _timina _d, chromia scal_s ia com-

promised.as a reset of 2h_mi_cal reactibns Involving'react_ts pres_nt..in...tDe.............

' This .work w_,s supported by the._SA-Lewis Resear__Center_ under C_tract

I II No. NAS3-20039_ _._, C_I Stearns_NASA ProJ_.l,_m_.__L ....

3
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If. BACKGROUND i

A. Oxidation. _I

The str#ngth of the nickel-base. SuperallOys is due primarily to.the presence- _I

Of the _a prime (y') phase whose nominal bomposition is/_isAl. ,But in •

- reality NisAI is alloyed prin0ipally with titanium and_also contains _various

p_rcentmge_ o2 cobalt, chromi.um_and the refractory metals present, in the .super- _iI_

alloy. On the other hand, CObalt-based allays are primarily strengthened by _

Solid solution elements and preeipltated secondary phases, usually carbides.

,_ Major solid solution strengtheners in.the ._obalt system are.ehromium, and tungsten.

_equently, the d_scriptlOn O_'.Oxide pha_es forming on such Superalloy sub_trateS ..

"I at ele.vated tempe._.a_uresis overly simplified.. Thu_iy., the ni_kel_ and cobalt-. •
based superalloys are labeled "alumina-"-and "chromia-formers" respectively.
However in actuality a panorama of'dif.ferent oxide phases can form on both.the .

nickel- and cobalt-Based alloy.S. The exact oxide-Scales formed will depend on "I

a number, of factors, e.g,, alloy composition, the composition of the oxidi_ing !i

atmosphere, the time at temperature in.this atmosphere, etc. (Ref. 1).
J

There_are many factors which man af#ect the adhesion of OXideS to alloy sub_ [I "i
strafes of which mechanical faults accompany.!ng oxide growth, mechanical erosion _ !

a_d super imposed_operat-i_g str.esses are Just a few. _ It.has been shown that, in

the presence of .trace quantities.of rare-earth additionS, the adherence of.... il

alUmina scales is markedly improved. The presence of:in 0�€such as_

t_oria markedly improves the oxidation.behavio_ of certain nickel and nickel-

chromium alloys, ii I

B. Hot COrrosion

i. Histor_ [1

SUlfidation is defined as t_e accelerated rat,. o#. oxidation o_ materials

which occurs When an alkali .salt is present i,_ the condensed state. The._oml_9-- }(

sition o#salt_is a Variable but. the Major constituent is usually an alkali

_ui@ate. The attaeE fs chagacterlzed by-the pres@nce o9 a looS,,nonprotective

o ide fro . .u s rate by alloya_fe , edzonecon-
_aining sUlfur'-rich pr@cipitateS.

[I
t.l
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Seybolt a_d Bel_r_ (Ref. 5) studied the oxidation c_fnickel and cobalt in

I_s_SO_ and _odi_ied the theory o_ Simons e_ al.,.such that the reducing agent and
the alloy s_bstrata are'o_e and the sam_. It wa_ later _ropo_ed hy-Seybol_

(_f. 6) t_at the accelerated rates o_ oxidation of co_ercial superalloys were

due to a loss o_oxidatlon inhibition by chromiuum-depletion through formatio_

of chremittm-rich sulfide _r_cipi_ates.

The effect o_ sulfur on _he oxidation of a numbe_ of binary and complex • _I

2ickel- and cobalt-ba_e alloys ha_ been •studied by manyinv_stigators (Refs.

7, 8, 9, and i0). In general, the_oxidation resistance of simple or complex, il

_Sy phases, i_ markedly inferior t_ that of the. parent.sub,irate al_hough,a_ |_
shown by Seybolt,the ratm of oxidation of "CrS_!'is comparable to that of o_romiu_.

The fO_a_ion of a liquidsUlflde layen would adversely affect.the oxidation prop- !!

erties ot an alloy as would .thegeneration of SO2 at a scale-_ubstrate interface .... _ ......

]: The observation that, once sulfur has. entered .into.an. alloy, i_sremOval.is dif-

i ficult has been made by Bergman (Ref. ii) as well as by-Spengler and _i_wanat_az
(Ref. 12). BAit in order for sUlfUr to enten the_ alloy at any-appreciable rate !_, I

i th_.normally protective oXid_ scale which separates the fused salt frcm the sub-

: strate muS_ be rendered ineffectual, i _i

! D_Crescente. and _ornstein (Ref. 13) presented t_eymodynamie arguments.and_
exp_rimentallydemonStrate_:tha_ in _rder for sulfidation attack to occur, a }

_:, _u_ed salt.must be p_esent in the condense_ state. Thusly,.conden_ed N_SO 4 i' 1
_ caused accelerated oxidation o_a.nickel-base, superalloy while gaseous _ix-

ture_ of Na2SO_ and air ar_ relativals_ harmless i '

In a series of pubiications, Bornstein et al. proposed (Refs. i_, .15, 16 I

I and !7)._hat the _ccelerated rate of. oXidationassociat_d.with sulfidation

attacE is not rela_ed to the.preferential oxidation of:-either sulfur-rich p_as_s '

Or the alloy affected zone but rather is due to the ifiability o_ the alloy to 1
for_ a protective oxide scale due to the presence of:oxide ions in the. Na_SO_
melt• GOebel and'Petrie- (Ref..•18)•confirmed _hat the products of the reaction I

between the no_ally protective oxide scale and oxide i_ns is nonprotective,

Br_n, Born_tein and DeCr_cente (Ref. 19) devised and constructed a _e-

v_rsible galvanic cell _ith _hich. they _e. able to dezonstrate the. e_emt of

varieus oxides on the oxide ion c_Itent.of sodiu_ _ulfate. They used Na2SO _ as.

the elactrolyte a_d demonstrated _at the cell was reversibla to oxide lofts and-

oxygen. They then demonstrated that oxides such a_ Cr2os react with and reduce•
the OXide ion co_tent of sodittm sul#ate.

The relative ability el_various oxldas to reduc_ the oxide ion content of

- Na2SO _ can also be calculated if the available thermodynamic data _e available, i ;

This _eehni'qu_ uses th_ calculated @qullihrium SO S partial pressure ov_r a mix- _' i

. ture of th_ sal_ and oxide in-question as. a _easure o# the ability•.of_b._...o_ .............................[-[,_.....7

to reduce the oxide ion content of Na2So 4. }I i_

i I'

I.
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',•.! 2. D_esi%ipn Mech_Isms

'ii]
! Lki._in_the combustion of a .fuel oil, the oil_droplets decompose, in s_ages. __

_t! The lig}_ter hyd._ocarhons distill m_d .burn leaving heavier hydrocarbons whi_:,
,i i.J crack to _or_ viscoUs tar-like material and subsequently carbon, which upon

: cOr.._!ete,combustion oxidizes, to carbon dioxide (Ref_. 20). Fuel-solutle zeta!llc

i!I I imp,jrities present in the fuel are not ver_,.volatileand tend to-concentrate i.uH
,_[._ the u_qburnt _ortion of-the fuel._ Thus, _he concentrations-of the u._.wantedcor-
_ ro._ive forming impurities in .the.transf_nt combustion pfod_c_, the,.fuel char,..

• ' .on.e.._ra.._..
:_ t 1 cs.nbe several ordera, of _g_itude greate_ than the _.n_ia! ^ _ _.... _ cf

: ii _, the "_' _" ""I 1..:p_..It_.in the star.tL_g .f_el. The carbonaceou_ tars• whic_ c_n accumulate

Withi.n ar.eas in the combu_Ztors can further.-carbonize to ha_d par_iales which•

_. _ : strike th_ leading.edge and concave surfaces of the first stage nozzle guide

_ vanes. .If th_ te_pera_tu'e i.s such _hat .the partfcles are_highly viscous fluids

'_ or .plastic solids, *_hey could &dhere to turbine Cor.pon_nts formin_ corrosive_............... _

:i iI ' de_osfts.

::[.i !
' !I Alkali mete/ compounds can also enter into.a gas turbine engine as par- i

:_ _ _ t_u:.a%e matter with .the i_,take air.. Under these conditions, such turbines 1

.jl!L] will continuall_ _"ingest NaC]_ as a contsr..inant_f both .the atmosphere and %he

" _ fuel (Ref_. 2i, 22) Severa! p_m of NaCi may be ingested ihto naval turbine_

" _ ! o_erating in foul weather (Ref_. 21,_22).

!11
_' Bessen and Fryxell have shown _urbines to be effective separator._-.ofthe :!
i I

,! chlorid_ and_sulfate com_pnen_s of sea salt (.Hcf. •23). They reported constant :I
i levels of-l_a,2SO_,O.lmg, cm-, present on all stages of the compressor of m.n I_.'.-

250_ engine which had been operated "^._r over 7000 hours. _aCl, on the orher "

,, hand, %'as found to Vary from 0.i .mg,/cm2at the first stage of compressor to ..

IJ, 0.02 mg/cm2 at the seventh _tage. Afte-r this s.tage and through the sixteenth i

stage; no meaningful chloride levels were det_ted, i.e., less than 0.01 mg_/cm2. !

' I1 Fur.th_rmore.their su._veys of the high pressure turbine components _from several i

i..., engines failed to reveal the pr_sencz of a_ condensed chlor.idas. Then, as sl,cwn,_'_J by Besseu sZ_d Fryxgll .(F.e?.23), the sodi.um chlo::ide component of s_a_alt is '_

i_., I not prefer.entiail_."removed fro_ ingested sea salt crystals and selectively de-

._ posited as a condensed phase on turbine hardware surfaces ahead of combustor

i_ secti.o_s.. Therefore, _ot section atmospheres in gas turbines _ill eontL_ual!_"

Ii II conrad"_._-low p_rtial pressures of "ch!oride_.bearing speci'es.!i[J
" !i ' Another mod_ of atmospheric NaCl ingestio_ into hot turbine sections in-

'_.|-I volves the rm_dom breaking off of condensed salts• from compressor sections

(Ref..21). Agai_, depending upon compressor, loca_ion_ the particle will haw

i a composition ranging from dried sea salt to virtually NaCl-void sea salt.

1] Furthermore, depending,,on the size and"the chemical composition off such par-

t'icles__.th_ymay not totally vaporiz@ in the combustion chambe_ and so c_

U
III , . _ , :.-: .... _ ....................... 7........................... : l,,ill
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,' i impact On the high pre_s_e.blades and,v_es, (_ef. 22) _en.parti_les ori_inate I I

I from the lat_ez.Stages of %he _ompres_or, they will have the same c_mposition as II : _
• the.salt deposits _ound on high pressure .turbinehardware• On the other hand,

-_./ !. particulate matter from.the first stage_ of the.COmpressOr.invol_e_ NaCl- i :

iji J; containing material but the description of the role of the NaCI in Such pazticle_ _ "II
ii:_._' i_ difficult. The high vapoz_pre_sure Of NaOl, e.g., 0._35tory at 800°C, would _

be expeoted to lead to its rapid removal,from condensed .particles (iRef,.2k),
thus a_ounting for the virtual absence of chlorides in deposits found on hard- • _ _

I!once II_CI.has entere_ the combustion chamber of a gas turbine via either.

the gas phase or condensed onto particulate matter..shedby_the compressor, .the. i_

role of NaCl _aS been controversial.• Specifically, questions haVe.arisen in II ._
_. _1 the past as to whethen sufficient time (_-i0 millisec) exists in gas turbine _
•, _I combUstiOn chambers for the conversion of NaCl__toNa2$O_:

i)!_ii.!. NaCl(e,g),_"H20(g) -_NaOH(c,g) + HCl(g)* (ii) _

HO_ever, although th.edetailed.mechanism for the.conversion of.NaCl(g) to. '::

': Na2SO4!c,g) has.not.been worked out, Ste&z_s et al. have demonstrated that 111!! I

, Na2SO_(g) can be formed in NaCl-sul_ur-doped methane-oxygen flames,in residence .....
ii _imes of_less than i millisecond _Ref• 25) Large amounts Of unreacted_NaCl(g)

il were also obser.vedin the oxygen-rich flames (Ref. 25),. Expandin_ on this work,
• _ results _f_kurner rig studie_:recentlM reported by Kohl et al. (Re_. 26) have.

Show_ that significan_ amounts of NaCl.can be con_erted by Na2_0_ in less than.2.2 t,

milliseconds. Earlier, Hanby had conducted a series,of eXperimentS to deter- I_ I_

mine if the kinetic_ of the Na2SO_ reaction is .sufficientlyrapid under ga_
I]

burner conditionsto contmibUta %0 the hot corrosion .prOceSS.i_ high preSSure

turbine section_-(Ref. 27). He concluded_tha_ (i) %_e 8 milli,eC required to ]

form Na2SO_ was too _low to be a si£nificant c_n_ri_ution to _he hot cOrrOSio_
J

process and (2) at 1500°K the equilibritudCompoSitiOn.of sodium saltS in com-
bustion p_oducts cOntain_ 8.5 per_ent.Na2SO_ and, since sea _alt already CO_- I
rains lO perc2nt Na2SO_, the gases at elevated t_peraSures are already _aturated

with Na2S(_. However, St%a_s et al. (Re_. 25) have concluded that Na2_O_(g) is I
not.expected to _orm.under the _ondition_ emp!oyed._y.Handy. MOrectver,the ex- !

tent to which Na2SO_ is produced,i_ a gas turbine by th@_e reactions, cf... ; I"
Eqs_.(ii) and.(12), cauld b_ influenced _y hardware ge_me%ry, i.e. combustor

design.(Ref. 28). i U:

U
_ln.this repor+,,thebracketed c implies the,phase.,i_.pr_%ent ,inthe cGndensed . t_

state, either sol_d or liquid• The bracketed gLsiMila@iy r_9.ers.toth_ gaseous

state, ii
I
iI
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El Accordingly, dependlng.on the extent '_oWhiCh ingested NaCl Is involved, in .............,._.;the conversion of suifu_, tO Na2SO_,. when the partial pressure of Na2S04 .in tur- !,J

bine hot sections is sufficiently large, Na2S0_ will _ondenSe Onto turbine .. i,'_
hardware surfaces. DeCrescel_te et el. (_ef., 13) have published a dew.point-curve .

H of Na2S0 _ a_ a function of NaC]_conceztratlon and vapor pressure data then .

available (Ref_. 29., 30). Similar _ets of curve_ have been published by Bessen .,

U and Fr'xxell (Ref-.23), T_chinkel (Hcf. _31) and Kohl et al. (Eel-.32). i_

HoweVer, irrespective Of whether ingested NaCI is totally or partially con- ,_

i-_. verted tO. Ila2SO4 in gas turbineS, in the ablence.of an u_identified •chloridesink (Raf. 23),. gas turbine hO.t sections will .be.exposea to atmospheres con-

taining low partial pre_sure_ of chloride-bearing' species, e.g. NaC1, HC1, etc.

MOreoVer, as pointed out by Stearns et el. (Ref. 25)and by Kohl et el. (Ref.. 32), gaseous NaC1 ia_expected to be a major S_dium_bearing vapor species in

turbine hot sectiOn_ based on thermodynamic Calculations.

3. Le.eha_i_ms of Scale Break do_

U It is apparent that in order for Sulfidation or acCelerated.attack to .o_cur_the integrity of .the normally protective oxide.scaie which separates the corro-

sive _alt from the metallic substrate must .be comp._omised. This can be aeCOm-

plished by a _umber of methods,• some of which are: (a) chemical dissolution,. (b) local reducing conditions, (.c)mechanical erosion, (d)'meahanical faults _

I

within the scale-a_ well as the e_fe_t _f thermal stresses a_d superimposed

operating stresses and (e) mechanical disruption re_ult_ing from che_ical__ea_tions.

The role. of _tr_sS in predicting oxidation behavior wa_ fir-_t studied by. "-'_

Pilling:and B_dworth (R_f, 33-)who proposed that .oxidatio_ resistance _hould be !• • --_

related to the volume ratio of oxide .aridmetall i.e. ,. r_

i

where W ". f_uta..,,_eight of..oxide

_i w. = atomic weight. Of metalD m specific density o_ oxide

d = _pe_iflc density _f metal

_ _ the ratio of the VOlume Of OXide formed from a unit volume of metal. [.
Ideally £or a stress-free oxide the value of R sl_ould be ur_ity, Value_ o_ I

I R much gr.eater than unity tend .to introduce larg_ compressive stres_s and for ,value3 le_s than unity the stresses are %ehSil*, Th@ Pilli_g-Bedwo_th raiio is

at bast a poor method for i_redic_i_g oxidatlon behavio_ since it does not take I

into account %he differences in _ef_cient of thermal _xpansi0n, melting point, Iadherence, plaSticity" and diffusion .rates. However, the work of'Pilling and ..........]"

Bedworth clearly def_onstrated the importance of stress in oxldation,

H
H 9



The effeC_ of stress ..a_ it.relate_ _o.Oxidation end cOrrosi_ haS.been Iii!
studied b_.Ha_cO_k and his .asso0ia._e_,e.g., _ef,.34. It .hasbeen.sho_n that _
the rate Of isothermal oxidation is dependent upon t_e mechanical propertie._

of.a growing SCale;an_ most recently it _was.shown by Ward, HOckenhull and . I|

Hancock (Ref, 34) _that,under fatigue"conditlons,..s._ress-aCceleratedoxidation JI
occurs when .the.peak cyclic tensi]e-strain exceeds, the fractura strain of the
surface oxide...Curr.entStudie_ at .Cra_fieid.are directed .at studying the.re- |l ':!

lationships .betweenaccelerated Oxidation and StresSes either imposed by dif- _
_erences .incoefficients of"thermalexp.ansion or superiml_oSedas a result .of .. "'

component operation,as well a_ stresses due to mechanical .#aultspresent in.the _ ,
growing scale. In these .studiesa..vibrationaltechnique is .usedwhich measures. [J

...........---the natuzal fiexural,resonance,frequency of a freely suspended .roddu_n_,g high

temperature ex'pOSur6, it haS:been s_O_n that this:technique as.well a_ the.. |(
standard th_mogravimetric technique Can be used.to verify _hanges t_at occur II
dur_ingoxidation as a result o_ cracking or spallation of the oxide scale.

The general environment within t_ gas turbine englne, is.highly OXidizing; .i

_owever it is possible, under Certain engine dOnditions, tOqSrod_ce unburnt_

hydrocarbons and _eposit elemental.,carbon Onto _urbine components. T_e.total ]_
inlet air-to-fuel.ratio Of advanced ga_ _urbines .is_on the order Of abOUt 50-. _

60 tO i by weig_. Howev'er.a large fraction,o_ th_s compressor air is .used _ !

for _(_lix_g I. The.atmosphere withi_ com_ustOr-firs_ _tage turbine _ec_ions c_l II i _i

be _escri_ed by air-to-#uel ratios o# about 20-30 to i by weight,. It is know_ [_ !
that the current.fuelS burn _fficiently at a rati_ Of abOut 16 .to i.. During ............................

produce fuel_-richmixtures.which result in..theformation of.u_burnt.hydrocarbOnS ....[] I i
a_d elemenSal_carbon in oombus_i_n a_d first stage turbine sections,. '_•

B6rnstein.(Ref. 35'),. in a rec_nt Study. Of the depOSit_' that :_Ora_On induS- it i

trial _as turbines, found that more _han 6000 mg of insoluble matter Can adhere
tO a .firStstage vane..The va_es i_ question were removed from _ i_duStrial ',_
gas.turbine engine after-apprOximately 500 _rS Of service. Of the total i.I
quantity of insoluble mat.tar, ap_r6ximately 0.045 pereent Or2.7 mg was ana-_

lyzed as carbOnaCeOus material.......... 'I

Elemental _a_bon, a str_ng reducing agent, can possibly directly affect

prot,,ctive _ale breakdo_r_. McKee end. Rome_ (Ref. 36) have shown that tt_e.dwcll Il
time., for.. t_e. existe_c_ of carbon _n a metal substrata, under. _Xidiz_g ._Onditions- [I
is d_:rect_yrelated tQ _e type of _arBOn..t_at fOrm_, . The fine soe.t_ carbe_

that appear_ a-_ lamp _Slack or carbon black is more readily _Xfdized than the [_
cry_,ta_ii_e graphitic type_,
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Carbon.is frequently pre_e_t within alloy._.inthe form of carbideS.for.strengthening l_UrpOSe_, This i_ _articularly true in the _ase of Cobalt-baSed"
alloys. The role of'_arbfdes with respect te Na2SO_ attack has been studied.

b_ both _meo.and •McKee (Eef. 37) and E1-Da!q_hanet al. (Ref. 38).and the• latter concluded that carbides within the structures d_ not markedly influence
the hot corrosion properties of *the alloy•when considering only Na2SO_ attack.

Hawever, when .condensed _hlorides are present, the Carbide network is severelyattacked.....

U The normally l_rotectivescale that separates the metallic_subStrate fromthe hostile.gas.turblne environment can also be compromised aS a result of I

chemical dissolution:resulting from condensed salt effects. This mechanism is _!

11: also referred tO.as the Oxide ion theory of sulfidation. The salt can be de- I
U posited via an eqttilibriumprocess (i.e., condensation) or a nonequilibrium 4

proCeSs (i.e,, impa_tion)._ l'neither case a prereqUiSite i_ tl_epresence of a I

_i _ondensed salt. Initially the Salt is s_parated from the _ubstrate by the. 1• normaliy protective Oxide _cale. If reactions are to occur betwee_ the sub. ......
strafe and .the_alt, th_ normally protective Oxide scale muSt be rendered

ineffectual.

AcCording to the oxide.ion theory of corrOSiOn, the fuaed salt can be

thought of as an ionized melt consisting of.sodiur_ions and sulfate ion_. The_oncentralion of oxide ibns is_established by the___equill_ria: I
I

so (c)2 S02(g) 202(g) + o-'(c). (15).

H The lo_s of %he oxides of sulfur corresponds to an i_crease in the oxide ion |

_on%en% o# _e melt. In a similar manner the diffusion of sulfur through %he___ _!

scale results in an increase in oxide ion c_ce_tration.

Oxide ions pre.s_n_i:ithe m_it react with the.normally protective oxide !i

_cale. A product 6f the r_action_f_oralumina-_ich _cale i_ aluminate, i,e., iT

A12O(c)   lO (e)o (l D__

__U" which._as been exp_ri_nentaliy-ide_t4_iedas NaAI@ 2 by x-ray diffraction tech- .
niques (Ref. 15)........

_

_1: once the.. scale, has b_en.compromiset the fu_ed salt can contact the su_.
strafe. The substrate-is a reducing agOnt witB respect to the salt. A% the

i] salt-substrate.int2_faO_, %lieoxVg_.nppt_nti.alwill d_crease rapidly dU@ to the ,i_ormaiio_of oxide :iUcleiand concurrently %he s-,ifurpotential _iil increase.

H !



The.precipit_tion...ofsulfides reduces the sulfur potential, A_ a regult .of.the:• FI
_eCrease in the oxygen and sUlfur potentials, the oxiAe_Ion content of:_he_mel_ -U
then ris_s rapidly, i.e,,.

The relatively high Oxide ion content preventa reformation of.a protective, rl
oxide s._alewhiOh,would t_nd.tO form as oxygen diffuse_ t_roug_ t_e.Salt to. _
t_e substrat_-_alt interface.

During the cor.roslo_proce_s i_ w_ich:_sulfur had.entered into the _ub- _

m_

strata, microStru_tu_al ehan_es .i_the.allOywill o_cu_. A stu_y.of the micr_-. .-

Structural.Cha_g_s t_at o_cur a_ a _u_ction of..t_ rate.of .oxidationofa I]
ni_kel-_ase,supe'.alloy_as _een performed (Ref. 16). The results of.this _ork .... _j
indicate:_a_,wh_rea_ _he most rapidrates Of Oxida_iOZ occur s_ortly after,t_e. _

fused salt reacts _witht_e.subs_rate, the mi0rostructural cha_ge% associated _ .!_

with sulfidation attack are__rela_edto the _ub_eque_t oxidation and movement of _ .sulfur into the alloy. ........

I_ the pa_t.empirical relationships hav_ been _or_ulated in w_ieh-the pro- U

pensi_y of.a_ alloy to underfed, sulfldation attack is related _o an "equivalent" ,,_,_
c_romiu_ con_e_t. The effect of various alloyin_ elements was rated aa nega-. _ :
tlve (detrimental), positive (beneficial) or neutral (Ref..39). Ba_e_ uP0_ the H
Oxide io_.theory,the effect of the various element_ i_ dependent upofl,tl_e,nature __],_

a_d c_mpo_ition of.the oxide scal_ that forms on _ surface of the alloy. H __,_I
The relative abili'tyof various oxides _o reduce the oxide icn content of i

c lo latd if the .v la le =e avail-. H
ble. Thi_ _ech_iqUe u_es the.cal_ulateflelulllBrium .SOs_artial.pressure over. D
a mixt-ure._f :_he _alt _qd _xide i_ que_iO_ as.a measure of tl_e a_ility of"_._e "

Oxide t6 reduce.the Oxide io_ c_n+_erlt ofNa2SOw. ...... [] .
According to thi_ theory,the rol_-of %_e refractory me_als ifisulfidatiOn

attack iZ_volvesthe ability-of t_eir Oxides t6.react w_h studdecrease the.oxide . ._

io_ conten_,e# _odium.sulfate. Morrow etal. (R_f,.40) S_udied the @ffeCt Of !_
, _oly1_dentlm..on_e gUlfidation _e_avior Of a Series of Ni-Cr-.Airalleys.,They

; fo_d that ifi.general,as t-hemolybdenum _Ontent of the alloy in_resu_e_,%he pro- .._,:
penalty £oWard sulfldation-decreaaed,. Similar results have been reported for.:

transitlon m_tai_-refraCtorymetal binary-alloyS-coated,with Ns2SO_ (_ef...16),..
O_l_Biiio (ii_f.,.hl) tidied tha_ the -raKE:.of:OXtdatioli of. a.sodi_ sUlfate-cOated I1

- Iif-Cr-Moallo_ oxidfzed a¢ _ accelerated rate. but the sem_ alloy free of _alt ............... II
under went eatastrOplc oxidation,





alone an_ in. ghe presence Of.the .c_ndensea pl_a_esoNa_SO_..,, carbon_and .Or203 _ere _"'_._tudied. q_t_program was diVided into three ta_ks.. The.goals Of"eaeh of tl_e- ""_
ta_k_ are an unde_standlng o9 (1)the effect otlga_e_us NaCI, Na0H,and HCf on.

_e alumin_and'_hrO_ia._eale_,formedOn _i-_5._t_ C_a_d_AZ _u_trate_.(a.) Llt_e effect.Of ga_eoua NaC1, NaOR.and.RCi On tl_esulfid_tiOn beliavlor.ofNa2SO_- :
coated substrate_, and (3) tlie•combined ef:_ec.tof ga_ou_ NaCI, NaDH and HCf on

the sulfidation behavior bf,Na_SO4-cOated _ubstrates i_ tl%e.presence of a _t_on_ _ . :]
reducing agent, ca-_Do_,and .a.Known__ul_n inhibitor, .Cr203, --- i..',_'.

I :"!IQuestions arose in tl_e.course o_ this study as to .whether_ertain e_fects [] .:iinvolving tlieNi-25 wt _ .Cr alloy resulted,from all_y .effects (i.e.,.the nickel...... "'

component.of tl_e.alloy)or _ere intrlnsically the re_ul_..Oftl_e.behavior of [ _:''!t.
chromia it_el#.. A ll_.,itednumber o_•:ex_d_'imen_J_ with elemental _llromlum cla_i,.. L1 "fled those unoertalntie_.. AdditiOnally, in order to determine if the effects , i. -,

Of NaCl(g) on _IIeoxidation,behavior of t_e c_emlcally slmple alumina former. .._,.

NIAI could also oecu_ in _ge ca_-e,of me_e.complex su_eralloys, .a few experi- [Ime_t__w/lu_conducted witl__l_e complex superallOy B-1900.. . .i

t!'ii'
i ,!

•. i.._.?;_

. _

! I "

q



_" r .... [ ,- •

' I i ,-•• •..........................L...._.....i_ i......i _

I] - II_, EXPERIMENTAL APPROACH "_"_

A, Materials -_-

The alloys studied.were Ni-._5_(_t %) Cr and.the intermetallic_NiAI, ingots i_

of these t.wOalloy_ were .prepared.byRF melting the desired nominal _compositions,in.an argon a1_mospher_an_ pouring the melt into.an .aluminamold,. '_._"

The ingot_ were ithen_appropriatelyheat treated in a _drOgen .atmOsphere: two i_

........day_ at ll00°C for the Ni.-_ Cr_ and two days at 1350 C for.the NiAI. Sub- i!Sequent.ly,sectionS-of _the_e.-annealadingots were _ubmitted_for .chemicalanalysi_ i

and the Ni-25 Cr was found to contain _4,__I 0,05 wt % Or, The NiAI wa_ found ii

tO contain 31,06 l 0,Og.wt _AI. _jI

T_e elemental chrOmlum used.was of 4N+ purity and was supplied by Mr, C, A, _ 1

- Stearns, NASA-LeWi_ .ResearChCenter, Energy-dispersive x-r.ay(EDAX) anal_sis of i i
thi_ material indicated tra0e level_ of Ca present in the-chromium, Thi_" ' i
calcium.likely derived from the refinln_ process use___toprepare and purify ]

_ _e elemental Chromium. /!I

For all experiments sample specimen_ approximately 2,5 cmx 1,0 cm _.0.2, cm

[] were prepared and _round to 600 g_it SiC, ..APt wire was t_en _pot welded On One. !,j
. _nd for samg!e support. ,.TI_esamples, priOr to insertion into the experimental "

apparatuS, were washed,and degreased, t_e final rinse given _ith absolute
.._................ I * i

The ai_ .usedin the experiments was taken from t_e labOratOry service strip.

The watt, content of this air was _rought.to a constant le,,l by-passag_over, i!anhydrous,calcit_msulfate (Drierit_). The ga_ flow rate for all the experiments

was 300 s_e/min and _h_ _low velb_ity wa_ 0.18 cm/sec. !I

• The HCI._as-was purChaSed c_mmer_ially aS.primary Standard HCI-N 2 ._as.mix....
tures, Thr_e .blendsw_re obtained so t_at,when _h_y"wer_ each mixed.wit_ air.at ..

ratios of l to 9,they yielded siightly-ni%rog@n_rich_alr_atmospheres with i0,.

The NaCl and. Na_SO_ u_ed.i_ t_is program were an ultrapure grade obtaihed from _• Alfa-Ventr_n.Products.. T_e NaOH used was ACS _lectrolytic _rade pellets obtained
from.,?isher..Scienti#icCo. The nominal chlorid@ lot analysis"fo_ the.NaOH pellets

U Was 0.002 percent. In view of the-Ant@r_st_here in gaseous curnod_nts at low• le_eis .the Concentrations of the individual halid_ constituents o@ the NaOH and

Na2SO% were separmtely d@terming.d: ._se _sults ar_ presented in Table I.

U _
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[I B. Experimental PrOcedureS
u

All oxidation experlment_,_ere conducted usin_: an,AinswOrth type RV-AU-I

U balance which is readable to .0,01mg a_d r_producible to + 0.03 m_. The specimen_were, introduced into a quartz tube. (_._ in. OD)which was wi.thin a heated

furnace, The temperature inside the thre_ zone Marshall furnace wa-_ maintained

+ _°C by a Leeds and NOrthrup RrOport!Ona.l .controller. series 60, ............

The NaCi vapors were generat_i from condensed NaCI in a platinum crUcible

_i fixtured t_ a movable pedestal in.the oxidation tube. The temperature_of the.• crucible was measured.by ..athermocOuple fixtured into. a quar.tZ.tube.and lying

immediately adjacent to the NaCi-containing platinum crucible;,

El 'iQ_.edata of Ewin_ and Stern (Her. 24)wa_ used to calculate NaCl vapor

pressures _.udgas phase compo_itlon_. Thus the temp.eraturea.Of .the.NaC1-

U containing Pt crucible a_d the "a_ticipated'! nominal.gas, phase compo_it%on_"used here were .8020C - lO00 ppm, 710-°C - 100 Bpm, 630° - lO ppm and

566°0. - 1 ppm. However, recognizing that_equilibrium may not have.been, eatablish,d

betweer_ NaCI in _e condefised and .vapor states, the actual NaCi partial• p_essurewas determined •from the difference in weights of :platinum crucible befOre.and ...........'
!L 'J

after each experiment. From these, calcUlation_, it WaS found t_at the empirical .

U Vapor pressures-were• lower than tl_ose expected by a factOr.of about i0 at .the :three higher temperatures used-here, i:.e., 802°C, 630°C and 710°C. However,

@ood agreement was .observed .at.the.loweSt .temperature, _660C.. Accordin_ly,_ the

empirical (as appos_d to theoretical)" gas: phase aompo_itions. #or atmospheresinVol_ing NaCI vapor, are herein c/ted. The weight change _ata for.samples, exposed

to NaCi vapor_ at concentrations above i0 ppm were.Corrected for.condensatlon of' ]

. NaCI onto the Pt suspen_lon wire.. No. correction wa_.made for samp!e_ oxidi_.ed,in• atmosphere_ with NaCi.vapor_ at concentrations _f _S than i0 ppm, nor were.

eorre_tionS made t_ sa_ple_ exposed to NaOH er HCI vapors.

U The. NaOH vapors were similarly generated except t_&t a silver •.crucible

wa_ used instead of the platinum, crU_ible.. At 8000C the useful lifetime •of the.

crucible wa_a liml%ed By t_e differential solubility, o_ silver, in _aOH with the .• _ilve_ tra_spOrtif_g _rom the hotter to th_ colder walls of the crucible.

Typic&lly at the. end of 2_ hourS, the .silver walls.are frequently, perforated near

the. surface of t_@.me]ten NaOH.. No._uch problems were encountered, at the lower" temperatures,. Additlo_ally;, With• th6 Na0H experiments, a tube.filled with

NaOH was inse_ted into the air line before the_____D_ie_It_to r_move..CO.2 from the

The thermod_vnam.lcdata used to calculate vappr-p_essures for gaseous NaO}{

!I [_ " and (NaOH) 2 w_l_e th_ JANA9 tables (Bef. 61). O_ the BASIS o£ thi_ data, th_ 1

I
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t_orr j _ tt)2 P* (torr) (effective Cane. )

. NaOH** _n Pl0m (by _'t. )
!

700 -- 9.07xl0" 7 I .lOxlO.-7 i,02xl.O-6.. 0.O02h- [

800 7.19xlO" 5 4.24xi O- _ Y,61xi 0- $ O.16

900 2.O_xl0" 3.. 9.16xl0-5 2.13xlO" 3 _,36- i
iOOO 2.85xiO "2 " 9,86xi0 -_ 2.95xi0 -2 ...... 58.9- • • I:_

iiOO , 2.39x10-1 6.5OXlO -9 2.46xlO- 1 h81 o

•P = PNaOH �.P-(N.aOH)2."

•*EffeCtive Cone. NaOH = cofle. NaOH + 2 x cone.. (NaOH)2. i
[,

TITUS.,.the temperatures and "nominal" anticipa.ted con_entratlons used in. this

StU_V s_re.7Z7°C " 158. 9 • ppm,.,627OC ,-- 2.36 ppm, and 5270C •- 0.16 ppm.. NOlweight !,j

change dat_ for. the NaOH wa_ recorded, This is due to,eXpe:-imental

difficulties involved in preciselx Weighing'condensed NaOH in.an.air atmosphere - - II

containing trace amounts of H/O and COl. On the basis.•of,our previous NaCI [_

experi'ene_, the actual. NaOH partial pressures are expected to be low by

approximately an order of mag.ni_ude. Also, some of the NaOH vapors •.willbe Iiilo_t by'interaction with tlle quartz tube walls.. Accordingly,. the actual •

Na_H partial pressures ane likely considerably lower than theoretical values.

It should,be emphasized tl_at the.oxidizing specimen_ were exposed to temp-

eratures much l_igher than,were seen by: the .NaCl-or.NaOH-containlng crucibles,

Thusthere was no chan_e that ,the.vapori_ing NaCl or NaOH.had tra:_sported from {

the cooler crUdible_ to condense ont_ the hotten oxidizing specimens,. !

Subsequent to oxidation, selected s_mple_ were examined, by .optical

metallography, x-.ray diffractlon, scanning elect_on mieroseop2 (SEM)"and I

transmi_sio_ electron microseo_x techniques. Chemical. analy_e& were _requentlx .

_erformed in the course 09 _canning electron micrO_copy._%udie_ by energy .dis,"

p_rsive X-ray a_aly_is _@chniqu@s (_DAX).

18



Iv. EXPERI_2NTALRESULTSm_D DI_CU,_ST_N

H _ ..

The result_ discussed in this section ace divided into three cata_ories:

A.. NiAI: An Alumina ?6rmer I ,

[_ B. Ni'25 _t% Cr and Chromium:. Chromia Former._i C. B-1900: A Superalloy'

A. NiAi: An Alumina Former

_. i. Gaseous Studies ...
a_ Oxidation in Air Alone

i. Thermo_ravimet_ic results

I NiAI i_ a classical al_ina former. The rate of weight gain for _fAIoxidized in pure ai_-at 900 and 1050°C is Shown_n Figs..l and 2, respectively,

in excellenk_greement with th_ literature (Hcf. 62). "!

[j ,• ii. MetallQ_ra_hi'c _esults |
!

"[_ During'1050°C oxidation, an adherent dense A1203 layer is-formed, Fig. 3.... J

._ OccaSionally an area of _he NiAI subatrate, can he se_n where the AI203 layer _

_palled on. cooling tO room temperature, Fig..h. Such rugturing did not omcur

t_ isothermally since tha substra_e woUld hav_ a_temp_ed to reform a protective oxide i
, _cale and no indicatio_ of any such healing oxide scale was,obsezved.. Oxidized

sample_ of NiA1 w_en examined by x-ray diffraction techniques indicated Only the

_I _-NiA$ subs%rat_ _ecau_e th_ A120 S scale was _o.thi_. i

T_e sample oxidited in air at 900°C exhibited a micrastructure •that appears

to e hi ited oXiai edatlO O°C
b. Oxidation in Air with NaCi_g_

I i. Therm_ravimet_ic. r_sults

I T_ethermograVi_tric data for samples oxidized at 900 and i050°_ in" atMOspheres containing approximately i_140 pp_ _aCl is alsashownJun ?i_s. i.and 2,

r_spectively. Noslgniflcant differences in th_ th_rMog_avl_e_ric data. occu_

,, betWe,n sam_l_s. _xposed. to pur_ air and.thos_ exposed to NaCl-_ontaining air.

I! atmospheres.. Howe_ef, this does no_ _ean that NaCi Vapors are. lnnocuous. Thd.

effect of NaCI vapor on the W%ight _ain data_is _rthe_ dlscuss@d in th_ following . _ ' ,

II section, i_11
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e.g., Kuenzl_: and Douglass (_ef. 6k). However, because such wgi_ker NrOwth is . _ i
not c_ncomm/tantly associated w'ith a large, difference in the thermogravlmetrSe. ¢t

..... weight _h_tle data, tl_eir.preSence has been largely ignored. [! i!

In the result_ ral_orte! herein, the repre_entatlve-oxide scale formed on .the i _,_
NiAI Sample oxidized at.900°C in air has been previoUslM described, ?il. 5. " LJ _'
Howev#ri an isolated area of that sample indicated a very-localized growth.of "it

AlzOs whisker_ about a_ imperfection in tlie dense oxide s_ale, Fig. 22. The l'l ,!'1

general dense oxide S_ale _u_face exhibited an EDAX patter_ indicating a Very ti
high aluminum level aS .expected, witl% only trace amoUntS of nickel.. The, ' 1

latter results perhap_ from the electron beam sampling below the oxide into i!.the substrate metal. However, the .Central.particle in Fig.. 22 exhibited a hlgl_ / "ll!
nickel concentration. Since NaCl at trace _evel_ i.e., iO_ ppm values, is .;

expected to be-found virtually everywhere and on the basis of both the composition _

of the central oMide particle and the regular disposition of. the AI203 fibers Ii ' 1
around it, it may be suggested that an alumlnum-rich vapor species formed.below -' :,.:t!

tl_e surface-of the nompact oxide layer, Fig. 22. A certain amount of this Chemical i _ "i
specie_ then _xited the. dense AIpOs oxide layer at tl%e imperfection site. once, i, i
in .the ambi.ent atmosp_erm, this moiety t_en experienced unfavorable_thermodynamic _+ I..., . _ !

conditions and.d_ompOs_d to yield A1203 in the fo_m of the whiskers seen in Fig. t ' _i

'I
The fact that nuch whiskers liave not been obser;ved more frequently .likely. {

results from two factors. In the firstplace, equipmen.t used for oxldat_on-

experiments is fr.equently kept very clean.. This itself.;would.tend to minimize

the" concentration of_NaCl vapors wllich would cause such effa.cts. In .tl_e ;i
_econd place, .oxidation ,studies generally emphasize optical metallography aS, i ;,_,

t_e tool to examine oxide-.sub_trate interface. Although optical' metallographic _",
techniques.can be used to see whiskers under favorable circum_tancez, it. io not. _'>_

t_e optimum in_,trument for examining features such as t_e AIpO _ blades discussed 1.i _t
l_ere.

C. Oxidation in Air wit_l HCf(E) t",, t'iii_!
LI,

i, Tlierm_i_avlmetrlo _esulti -

The ef/'ect of. HCl gas, in _l:e _oncentratio_s examined, .on .the 900 and i050°C

oxidatlSn of NiAI from. th_ Viewpoint of a#tectin_, the thermoEravimetrlc b0h_ioi' _ i.
is nO% apparent, Figs, 2"3 and _h. _ !..... !

.... iiII
The surface Oxld_._layer, of the NIA1 sKm_le oxidlzed.at 900 C-in the presence

of. 1260 9p_.HCi shows evidence for iccall_t Contlnually fofmlng_ br.eaking _id refer,l,-!I.
ing o# the oxide Scale, ?Ig. 29_ The suri'ace of the oxide scale Is ?eple%e With sliort, i t

lt_

P,II
,! iii

,1
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:.i/:! atubby AleOa fibers., Fig....e6.. By.-increasir@' the temperature to i050oC, and 1_y

decreasing the leVel of HCI in the a_mOsphere to i_8 ppm long-thin AI203 _Iber_

/i/i i_' were obtained, Fig. 27, The. tren_ inwhic_.a higher concentration of HCi in the• ' a_mOsphere-results in more but smaller whiskers mirrors the behavior observed.

"I for _aCl(g) ..... :.

The _ample Of NIAI oxidized at i0_0°_ in air_containing i0 ppm HCi, Fig. 28,

,?-,I [_ shows significantly fewer whisker_ than were seen 6n the surface_ of Samples
LJ_ Similarly oxidized in atmosphereB containing higller levels of HCI gas A_ditiOnally,

....; the whisker_ fOund.here e_ibit a large range Of _izes. Most are a few tenths of"

i;'i:] a micron in length while _ few _ave lengths of.greater than I0 microns. The

•:,!:.-I latter _ize is more nearly like that observed after exl%o_.are.to higher, levels

. i Of HCI in the oxidiZin_ atmosphere..

To fur.ther confirm that t_e aluminum for the transport process i'sderived

from below ._he.metal oxide interface, a sample of NiAI wa0 oxidized at I050_C for

, _[ 64 hours in air in a .p_i_tine.apparatus. in order, to develop a.thic_ protective.

' _] oxide scale. Then without.removing the sample from the furnaee_ HCI(g)was

i added, t.othe atmosphere.,at a level of 128 ppm and oxidation was continue_ a_
/i I|- addi.tional 25 ho.urs.. Examination o_ the sample .by SEM techniques, s_Owed,Fi_.-29,

I far fewer whiskers t_an were .observed .in the case of the sample oxidized at theU
• _ same.,temp.era_ure,and HCl(g) concentratlon_ This is. the .anti_ipated..re_ult.if the .

':'_ _] formation of t_ese.WhiSkers i_.eontrolled.b_v di,fusion.through a protectivealumina scale. ,_

i

"_i' L_[] d. OXidation in Air with NaOH_) I- i_
•: i. Thermo_ravlmetric results

....I a_d 0.16 levels are shown in.Fig. 30.

• .I li. MetalloNrap_ic results

[1i.'[ Examination oftl]e NiAl.sample exposed go nominall_ 58.9 _pm..NaOH a% I050°C •
I

for _4 _our_-.via SEM techniques i_dicates a surface for the most part similar

'], I_ii to that see_ on simple Oxidation, cf. Figs. 3 and 5. However, there are so,e-

l [_ important differences. Shown in Fig.. 31,large a,_eas of the sc&le had s.palled

, a_l_arently on coolin_ cinc@ the underlMing exposed metal suSstra_e exhibited no

indicatfon of additionai oxidation. -The. sample o.ddized at 1050 C.in the_i" absence o@ NaoH(g) exhibited no such tendency to spallation u_on cooling. However, _

_at Infrequently, regions o@ the.surfac_ were encountered, wl_ere.crystals of A12o3

! W_e ohs.e_ved, ?f_. 32,. No NA Was. d,?tected by EDAX techniques, any_he_ on the.aUrfaCe.; i% Was expected that a c6ndensed sodi_ alu_inate p.has_ might haw .

_on_ed on the surface as-a. _esult of th_ iflteA-actiOn.ofNaOH With th_ AI20 _

surface. ..................................................................................

_ "...... ..'..."" _ ....... : " "...L: " -- c_
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However, ghe blank .experiments involving dense AI20 S failed to show any whisker

: ,I [_ii growth. This resul_ is readily a_tici'pated sin_e, at 1300°K _he, calculated K_
'::-! 1_[ fO:" the above.reaction is al_proximately 10-43 (HCf. 61). Therefore,..__di_.pr_-

i p_rtionation-vaporiz_ion mechanism is again no.t applicable.

-;:_ AnOther chemical transport pro_ess could involve the .reactiOn of HCl(g)

_ _ith AlnO 3 . The HCI vapors #or suOh reaction_ could be intentionally present, in

i;"::! the oxidizingatmosphere or derive from the hydrolysis of NaCI, i.e.,

....., NaCl.(g).• .HnO(g.)_ ._aOH(g)_+ HCI(_).. __. (20)

....! The HC!(_) present would then diffuse through the dense AInO _ Scale formed.on the

.._ oxidfzing NiA1 _ample. At the metal-oxide layer interface _heHCl could react ....

::_! " F| either with the..AInO 3 _cale itself or with the aluminum in the _ubstrate.

/ tJ Examples of t.he former equilibria are:

_, i.

ii A1203(c) +-6HCf(g) = 2AICI3(g) + _-i20(@)" (?-2):
I I

I I The free energy; values, for t,hese reactions at .1.300°Kare positiVe-and quite, large,

., ], i.e., lh2 ._md 77" kcal for.reaction 21 and 22, respectively (Ref. 61)_ Similarly,

1 the neaction involving the._s_bsJ_r_s.tecan be represented by ......
L

A!(in NiAI) + nHCl(g) "-"AlCln(g) _--nHn(g),_ n_a=l, 2, 3, (./3}...

H The.-free e:lergies,for th_se, reactions .at.1.300°K are -13, -27, and -50.kcal tor

the-formation of th_-._onochloride,, dichlorfde and tri_hloride., respectively,
I 61)..

I Thua, if th_ dense AInO S oxide, layer .can keep the ,oxygen potential.sufficiently

' I [| low .at the metal-oxide interface ..and if .the RCl and aluminum .halldes and ox_'halide_

_.I []- can diffuse through the dense AinO S.scale, then AloOs whiskers could .form ft_m

I the. appropriate disproportionation reaa%ions, -.Such a.mechanism would not. allow

Ill ,_r eas_: "_hor.t circuit" "diffusion of.aluminum halide gaseous speci:es._hroughcracks in the, protective AltO3 scale because_ if HCI and the Appropriate alm_inum

va_or species can diffuse through such _r_cks, so could oxxgen, Such o_-gen -

Ii would then interact with the. transpo_.tlng al.amlnum vapor species fo_ming AIn0_
which would, be expected, to.plug. Up such easy diffusion Eaths.. Th_ iocaliz_d AI:O S
crystals observed in the blank s_cimen.oxi_zed .at 900 C are not.re&_'.ly .

i.,] explained by such a model u_ess looa:.i_ho_o_ene_tle_, e,.,.. ,dif_re_c_ in
11 chemical _o_positlon o# the substrat_ excluding o_ide cracks, wer_ responsible.

Grmin bounda_ diffusion Would not be precluded by such. a mod_l As.lon_.as the

If diffusiv.lty of the oXygen, was _%:Ch less tha_ that _or the respons_bl_ halogenand al_minum-halogen vapor sp_cles,

, !l
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A..mecha:_ism suci_ a_ thl_, would gug_eSt extensive and virtually continuou_ .

dense oxide _cale r_Aptu_e, _pallatio_ and termination at con_taJ%t temperature. _
4

- AS.more. _n_ more mate@ial was .x_emovedfrom the scale-me,a! interface, the oxide L_

stale woul_ become locally non,%_herent. Crack_ _then .w_)uldlocally develop in the r, '

- S_ale beCauSe of heterogeneous dense scale _r.o_th kineticS,', G_'oss oxidation of t_ [_

substrate, immediately below the locally spalled area would the_ _rOceed rapidl_! a_ ,

_. a_ a .IbrOtec.tivescale tried tO reform.. T_i_ type of bel_avior was observed, in NiAI _ .

" The transport of aluminum to. form AI_ O_ blade_ has been described in terms_

of a:cycle involvlr_- aluminum cl_loride or: aluminu_n-oxychloride, vapor species U
_i derived .frOm HCI: vapor_. _tearn_ et al, (Ref. 65) _d ?rybur_ et al. (Ref. 66)

have ObServed t_e _aseOu_ species (NaCI)! 2 3 Ore3, (NaOH)I,2 CrOs, (NaCl)l,2(M°_-_._)3and., ..
.'-_ • t _ • ||

(NaOHJ-MO03 . These vapor speCie_ may be wewed as volatile com_plexeS Of NaCI _|
(or its IkVdrolysis prOdUCt Na0H) aad a metal oxide. .If _imllar but .as yet

" u_identified species exist in cake"of alumina• the Overall interpretation of the ,, '

transROr_ effee.t suggested aPove in t_e case of..HC1 remains the same while the !_

specifics, e.g. • %he vapor species respon._ible for transport, will Obviously [j .
differ.

1!*
On t_e.ba_is of tl_esurface struct.ures seen for NIAI samples exposed to

slowly mo_in_ oxidizing atmOSpheres containing. NaCI and HCI vap@r_, tlie thermo- •.

gravim_ric for s.uch samples _hoUld not. yield net weight los_es. The. _!d_.ta

alumlnu_, removed l_rom lhe _lloy by sucll.vapor.processes• i_ _artlallx. redeposited ........................t_....

on the outer .s.urfaceof th_ oxide layer.. However.• in.a rapidly mo_.ing gas s_resr.,_

the.flne AI20_ w._ske:':,would not be .expected .to form _n the subs,rate surface, il

Rather_the chemical •species respOn_;ible for t_eir_.@rowt_ would be swept down %_e _-:

tUrbulen.t _as stream..Accordingly, eas_minati.onof turbine hardw_.re would only

fortuitouCly i_ee.Tp_c_ed to show the presence of suo_ AIIO 3 fibers. . [i "

_urt_ermo:_e, _rOm empirical observations Of'.the factors leading to AI203 (_

wbiske_, formation, _lle liigl_erthe temperature tee more effective will be tl,e [I.
diffUslvlt,V of pel_tinent Vapor .Species tIlrOUf/!%he dense .A1203 oxide Iskver-mld

So aluminum _ili be increasingly, more rapidly, removed from below tile de,_se AltO3 _'i
scale. Again•.NaCi and HCl.for.-such.processes need no_ De .reformed. in the [.i
chemical cycle.. In the l.ppm NaCl--aln compq_itl.on range, .t.l_eNaCi(g)" should be.

los% to a:id gained from. the atn_:-_phereof _ marine or industrial ga_;turbine, In

t_O absenc_ of an unlde_tlfied chloride _I_IR at approxl_atel,veq_al rate:. I_
(R.e._,21). Althou_h thesO experiments dealt s%_ic%l_, with NiAI, slmila__ NaCi(_),

HOl.(g) a_d RSsslbly N_OH(_) effects, ale expected wi%_i o_her coat ij,g.and alloy _1

COmlbosltions .Wkich a,_@also AI20 _ formers., I.i

T_iis descrl_tion .ha,.:primarily, co:_sidered tr_e effects of Nacl(_) 0:% the i

• oX_datio__ bchavlor of NiAI alid i:_f_rri,d float HcI.(_) and possibly. NaoH(g_) behave. _ i

si_ll_rly.. However, dif#._rehces _ay eXlst. For._xa_pld. Witll 12C_0 pp_ HCf .in.. t _I

%he atmosi_i,_r_at..i050°c isothe1_al buc_llhg m_d craCRln_ of.the_ AI203 scale wa_- _

eVidenced, St. is. not known if NaCI(_) at the_ Conc_,tr'_ti_aus-and ten_peeatu,'_,:_ [
would behaV@ r.i_ilarly..



The description here of aiuminum:.transporteffects has been'both -_peCUlative

i::!illII and qualitative because of Our present.lack of knowledge.of -_pecifiCfactors•

.i'i.:.I _ cOntrOlling this .effect,.The.pre_ise nature (compOsition and properties) and.the
• ' diffusion mechanism(s) responsible for transport through an otherwise dense

" 1'I alumina .scaleare unknown Thusly, later in_this .report., when refer.onceis

:_I _ ma_e tO an aluminum-containing vapor species responsible for alumina whi_ker
:. ,I growth, the notation "Ai-NaCi" will be used to empirically describe this moiety•.

,.j . Furthermore,.thisnotationis.notmeanttoimplythatonlyonechemicallydistinct
aluminum-bearing vapor •.species is responsible for all the alttminumtransport
effmcts ohserve_ here,.

• It•._ ... 2...Condensed StUdies

_:.I [I a, ._Loss of NaOl from Pure Na_S0_
U

,_ The.amount of.sodium chloride_obser.vedin the nomi_ally ultrapure grade Na2S0_

is greater than: that needed in_simple oxidation tO yield both _-AI20S whiskeri grOwth_and..isothermalAI20_ scale _pallation, cf. Table i. ACcordingly, the _.
anticipated rate of loss of Naci from pure condensed Na2SO_ was examined as a

functiO_ of time at 9000C.. Samples Of:the pure Na2S04 Were .plaCed into a box i_• furnace held at 900°C for..periods of 2, 6, ._hand 48 hourS. The samples.wer.e :

Subsequently analyzed in .duplicateand the .datapresented in Fig. 33,. These.

_j result_ shOw_that, .cOntrarytO expectations, the level Of sodium _hloride in theNazSO4 melts rose over a .periOdof "24 h_)ura,to a level of about 20 ppm. This.
increase in chloride Content.cannot be attributed,to the preferential vaporization

of NazSO4 and concomitant enrichment of the resid_Aein.NaCl.. At.900°C:Na2SO4 _• and NaCI exhibit partial pressure_ o# 2.5 x 10-5 and 2.5 _orr,.respectively,
(Refs. 67 and 2_). Theref_r_ the NaC1 responsible for the chloride increa_e.i_

I_ the melt must bare come.from the fur:_a_eatmosphere...T_e furnace .used for-this.., _ work was an _OrdinarylabOratoryboX furnace •whichhas _een frequently u_ed irlthe...
past f_r Na2SO4 cCrrOsio_ studies and _o special precaUtiOn_ were taken to assure

,Jll that NaCI was n_t present._
Thus, the_e results indicate that NaC1 at lOW ppm level_ is not easily lost

I by _referential vaporiZatiOn from molten NazSO_. It can be-SuggeSted that Na2SO_deposits in.actual corrosion.environments contain,at.least this concentration of

NaCi. Welters determined the NaCI-Na2SO__ phase,diagram a_d found it to be.a.

i_ ........._imp!e eute_tic with no significant soli_ s_lution of NaCI in.the.Na_SO_ (Ref. 68).
_, ;_ Flo_d has remcasured the-NazSO_b_rancho#.the liquid_, and has shown.that these
'\. salts for_ a p_ac_ically ideal solution.(Re£, 69). Thus-i.tis reasonable•to

I expect that NaCl.present at.impu_ity .levels (low ppm values) in Na_SO. depositsthermodynamical!y.be_aves -_. _: d_ _i_ th_ gas phase at similar concentrations,



- b. NagSO 4 in Air it2 t

i. _ne_rmo_ravAmetric re-_Ult_

The tbermogravimetrio data.for. Na2SO _- coated samples of NiAI OXidized at I!

900 and I0500C are Shown in Figs. 34 and 3_, respectively. L_ i

.ii. --Metallo_raphic results

The mierOstructure .Of .the Na2SO_-coated NiAi. exposed at 900°C has been

• described in the literature and is shown in Fig, 36 (Ref. h2).. The precipitated L_!_!
.. phase_ at the base of .t.heoxide s_ale (in the NisA1 layer), are .rich•in.aluminum.

anG sulfur mid are presumably A12S3, Fig. •.37• O_ca_ionally, however, the larger

of these particles .extend into .the /hi-depleted NiA1 region, Fig, 38 • Of . I-i '

significance, however, iS the observation that .the portions which extend furthest
[i

into the aluminum-depleted B..(Or NiA1) area are enriched in oxygen.,.not sulfur, !

IiFig, 39. In traversing these particles from the 8 subStrate tO .the oxide-•

atmoaphere interface, the composition of such •particles converts from Oxides,. _i_ i

to sulfide._, tO a mixture of Sulfides and oxides and finally to onlx oxi_es..

This result is not anti_iDated from results .repOrted in the literature ,which [i

Only report the.preSence Of .sulfur-rich. particleS, presumably A12S3, in
Li

this region of the.Oxidlzed sample. (Ref..h2). Furthermore, such .oxygen-rioh

area_ are.not found,in panticles .totally retained in the y' zene near _he NIAI II_

Interface. I..,

Iz can be •argued "bha_ thlsmorpholog_ _ is anticipated ff.the @rotective I_
alumina scale ruptured and suddenlyexposed .the.aluminum-depleted .substrate to a _j _

high oxygen potential, i.e., the-sulfate melt. The. rap.id _e_letion.of oxygen

by oxide formation would.then .result in a _udden increase in sulfur potential ..... I! _

leading tO aluminum sulfide formation behind the oxide front (Refs. 13-17).

c. N_a_SO_O/_._.in Ai'l_ With NaCl(g)_ [!

The tbermogr&viMetric data for samples coated ,with Na2SO h and oxidized in_air

With various amounts of N_CI(g). present, at 900 and .i050°C i_a shown in _ig_. 34 ..and Ii
35, respectively. At 900°C there .is._apparently' no.slgnifica_t, di_.erence, observed _

in.the oxidation behavior, of Na2Soh-coated NiAi for N&CL(g) concentrations rangin_

from i to ib4 _pm, Howe.vet, examination of the surface of.tll_. Na2sO4 #d*t�Œl i

sa_pie exposed to lh4 ppm NaCl{g). at 900°C s]%owSprofuse depoSitS of a_Al203 i!

whiskers, _ig..hl. similar wl_iskers.wer.e observedon s_/nplas oxidized, i_i Nail i

vapor-containin_ atMospher_eS. One l_gssible explanation @or such.whi_ke_ _roWth }]

invol_.ed stresses in &-g_owing protective _lumina oxide-scale, HoWever, &s shoWn lJ_ i

in _iE. _i, the AI203 whi_kers observed here have .clearly.not. developed, on.& _ghly,

-: ml



Stressed•Oxide substrate. A potential mechanism for the growth of such crystals 4

here is mo_tlikely the same ohemical vapor transport proceSseS involved in the• oxidation of NiAI in atmospheres COntaining NaCI, HCi and possibly Na0H. In

light .of.the possibly enhanced vaporization of Na2_Oh(_ effected by.NaC1 vapor

_. alone_ (Ref. ••55),a.spot test was uaed ta confirm•the .presenCe of Na_S04(c) onthe surface of the. sample,. The _esults.of the spot test• were positive. Therefore,

these whiskers did not grO_ on the surface of the NiAlsamp!e after all the Na2S04

_ had been zemoved from.the oxidizing surface. Since NaCl(g) has.been shown tO causewhisker growth, the source of_the whisker promOton is the small quantity always

_= present .in the alkali salt at contaminant ,levels.

At i050°C, Fig. ,35, the _ddition .of-NaCl(g) to the atmosphere apparently• "I
mitigates_the corrosion effects ,from cOndensed Na2SO 4 over the .time span examined

_ here, i.e., 24 haurs. Thegreater theNaCl(g) partial pressure.at i050°C the longer• iS the incubation periad before accelerated oxidation effects occur ....The sample

of Na2SO4-coated:NiAl oxidized at .i050°_ for._Wenty'four hours in an atmosphere

Containing 199 ppm NaCI has been largely unaffected by the molten Na2SO 4 deposit,• Fig._0.
I

}_J_ The eXperimental results show that Na01 present in the air. or in solution in

Na2SO 4 _an result with and transport aluminum from the scale-substrate i_terfa_e
to the outer surface.• At 900°C, the role OfNaCl is most likely restricted to ,

scale rupture and .the development of an aluminum depletion zone in the substrate.The local absence of. a protective AI203 layer and the presehce of an extended
aluminum-depletion layer have been sho_ to be sufficient-to yield a_elerated rates

of a_ta_k of presulfidized NiAI Oxidized at lO00°C in oxygen,_ cf._, ?ig. i_ in Ref.70.. This situation is exactly ,analogous tO that reported here once the protective

AI203 layer is ruptured. This interpretation is not in contradicti6n with results •

i_ _he literature in whi_J_ presulfidized B-1900, Waspalloy and U-T00 .were found tO ;oxidize at •rates _ompara_le to t_at of the sulfur-free alloy, even t_Oug_ •t_e pre-

sulfidation treatment yielded Substrate micr_structur.es wi_ sulfide precipitates_

in depletion z_me_ similar to t_Ose found after exposure Of _he _aae materials toNa_S0_-induCed corrOSion (Ref. 71). AlthOugh microprobe results are not presented_ I
the s_ifides fo_med were most likely those Of Cr and refractory metal comp_mds. ,i

_ However, the aluminum co_tent of t_e affected _.One remained Constant. AS far aS the Ii

chemical components _omprising_ _amma and gamma p_ime, the aluminu_ level may have• li

Been Slightly in_reased because of the loss Of the elements _w_ich are more prone

II tOWard sulfide formation. Titus, the oxidation of tl%ose presulfidi*ed sample_ is_xpected. to yield oxidation _ehavior similar to that seen _y t_e sulfur-free

Spe_iMen_ unless the Oxidation.behaviOr Of t_e sulfide par.ticles was critical to

_I the propagation phase of t_e corrosion process. The .affect@d zone fo_ed in thework presented herein a_d also by GOebel and Pettit (Ref..70) involves depletion

ef#ects for _he element needed a_ a _ritical concentration to effect protectiVe

II s alefodation, al in m.

If



The effect Of NaCi vapor on the i050°C Na2SO4,1ndu_ed hot corrOSiOn of NiAI.,

wasto tlgate theeffectsofthe ondensedNa2S04.This .........J" '-'
following reaction

Al[ fromthethe se_ substr_t_at..the _e_e°r from ] + NaClC.g) -_ _tAl-gaCllt (g) • (_k)

Sub,%rate interface ; _

It haS..already been proposed t11at the "AI-NaCI" species, forming at the metal-
oxide interface, is stable underlowpartial pressures of Oxygen. Upon diffusing

through the AI203 scale, this species encounters a higher oxygen partial pressure

in the ambient atmosphere in Which it is thermodynamically unstable. The result H
is the.decomposition of this species to yield AI203 whiskers as has been discussed

_ earlier. Similarly, the "AI-NaCI" species also experiences an increased OXygen

• activity if a film of Na2SO 4 is present. The effect Of Na2SO 4 can be described _
in terms of the following equilibrium:

H
---. + so2(g) + 1t2 o2(¢). (25)

The "Ai-NaCl"'species will remove oxygen from NaS02 4 (_) or.the phases in .equili- _
brium with it (_f. Eq. 25)to yield a form of alumina "A1203" andreleaSe NaCl(g) ....

to regenerate the cycle. If thi_ "A1203" is •available in sufficient_ amounts to

react with the s_dium Oxlde yielding NaAlO2,the protective scale breakdown, process U
will ._e delayed a_ Will the sulfidation-initiation .process.. It i_ .suggested, based

On. the results presented here, that. the "AI-NaCI" _lux iS'large enou_ at I050°C

bUt _Ot at 900°C for t_e NaCl(g) levels examined here to Supply the necessary _'
amOu_t of aluminum (aS "A120 _'') tO delay the prOteCtive scale breakdown proceSS.
FurthermOre, the transport Of "A1-Na0i" across the protective ecale-may _e suf#i-

ciently rapid sO.that _e preduction of AI203 is high compared with its removal H

by i_teraCtiO_ With Na2SO _ and the phases in equilibrium with .it, particularly
zodiu_ Oxide. Under. sudh cir_umq_ances, alumina whiSker_ are anticipated to _e

fOUnd on t_e oxide _urface. This situation will be particularly possible in H
atmospheres with high NaCi(g)levelS,• e@. _i_. _I.

I% is.tempting to describe the _enefiOial be_aviar of'NaCl(g) toward the H"
Na2SOh_induced hat• corrOsioS O._ NiAI at 105D°C by the_ term ',inhibitor,;' However,.
as is o_ious #tom_the disCusSion, NaCl(g) doe_ not function as an.inhibitor in. the

usual _ens@ o@ the w_d, Cr203, an example o#. such an inhibitor, react_ directly [_

I wit_.the Na2SO h deposits. The-me.taili_ sub_trate does not i_t_rAct with the cr203.
On the oth_ _and, the _enefic,ial effect of-NaCl(g) id. only obtained, by dlr@ct,

Int@@&c%ion with th_ substra£e,_YhdMo_e_of__his interaction r_uits in th_ direct I
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g. Carbonin  _it_h_HC_!il II "'
IJ q

i. The_mD_ravimetric results .

II 1

CarborL-coated NIAI sa_p!es, expo_ed to.HCI(g) at lO_O°C shOw.inltial.razes of..

attack that are. proportional to the amounts, of H_I pr_ien% in th_ .oxidizing" _'

atmosphere, FiK. 49. The steadx -_ta%e.oxidation rates are inaep_nden t of:.HCi.(g). I-] •'I_

concentration. Samples oxidized in NaCl (_),bearing atmosph'e.res_at 900 and.1090°C H i.'.

do not reflect any effect Of the carb.on deposit, Fig. 50 '
• .' 4

N_a_oI_. 4_Wi_h Carbon in Air .,

i. ThermOsraVimetric. resul_ S _ _ 'iThe NiAI samples.coated with Na2S04 and carbon and then oxidized at 900°C .,
_ gives _vidence Of linear Oxidation kinetics, after a brief incubation period,, at r] ,_|

a.rate lower than that found in %l_e a_senc_ of the carbon.depqsit% Fig. 51 and. U i

3_. The,_ample oxidized at 105G°C e_i_its thermogravimetri_ behavior_similar _._ I I

to. tha_.exhibited by the NiAI sample coated Only-with Na2S _ and similarly It ' ioxlmlzed,.ri_. 52, cf. ?_s.35,. -........... _, I
I

i. ThermO_r%vlm_ric results
I]

The thermogravlme%ric,data.i-_ .pfes.ented.in Fi_,...5_ and .lh for 3amp!hs. [_
oxidized at 900 and I050OC, respe_ti_v_ly. Here at,lO_O. C %he apparent miti_atin_ .

effect Of NaCI iZ _Ot .cOrrosio_ Is again apparent, cf. Fig. 35. However, at }_

900°C,.th_ effect of chloride and carbon on Na2SO4-induce_ a_c_lerated oxldationof lJ
.._

NiAI suggests _hat..no obVioU_ r.elationship exi_t._ between %he NaCl(g) concentra-

tio_ added te the atmosl_here and..t.he rates .of attack ........ H

_. E_ S_ a_n__Car_o_ .in Air.-_i_h HCli_ I _ '_

............ H
The samp!e_ Oxidi_ed a_ 900°C -I_ atmOs.pheres, containing 128 and 1260 ppm .I

HCi(_)_6ive evld_nce.Of HCI_) possibly /kmctionin_ as a corrosion mitigator-..
in the 24 hour p.erio_ s_ow_, Fig. 5_.. Wit_.1260 ppm HCI(g). in _t_e oxidizing . H I

atmosphere at io50oc, the.HCl(g)do_s not appear %0 be functioning as a.corros- U_

ion inhibitor, Fi_. 5_.. MOreove_ i_ the caae.o_.the sample oXidize_L a% Io_oOc 'i

in an at,osphere off28 ppm_HCl, af_,,er:abOut_ hours, th, co,ro, ion rate i_.- [I iC_%aS@_ rapidly, Fig. 56. i5 may be that at 900oc aften a sufficiently lon_ .,

period Of time accelerated atl %ak Will alSO OCCur. The nature of this behavior .i

I_ no% currently understood, iI I_

IJ i'
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Ul_fortunately,.the.experimentalapparatus u_ed hera is-not appr_opriatefor. _|
determining the nat_ze of the.chromium-bearing vapor apecies .reSponSible_fOr .f]

these deposits. In the past, chrOmium-chlorine containing specie_ such

as._rCl2, OrCl3 and CrO2CI2 have been frequently proposed as.the r.espon_ible i]
moieties (Ref..21, 45, 51 a_d 53)....Recently Stearns _t al. (Ref. 65).and Fryburg I
et aL_(Ref. 66) have reported .theresults .of mass spectrometric Studies_.

involving the OxidatiOn_of chromium and superallOys in oxygen atmospheres _con- i]
raining H20 and Natl.vapor_. Them conducted exhaustive searches for the vapor
mO_,eCulesCrO_C12, Cr.Ci2, CrCl3 and Na2CrO_ . Their.efforts in finding
evidence for the presence ofthese .species were.unrewarded. The chromium vapor_.

species which.they did find were principally (NaCL)x Cr03, x = i, 2 and 3

and (NaOH)_ Cr03, .x - l, 2. Minor amounts Of the _pecies Na2Cr207 and CrO2(OH)2
wer_ al_O _dentified............... i

.......................Experiments were al_o conducted in conjunction with Mr. C. A. Stearns, NASA-

Lewis ReSearch Cente-r,to determine the .effec.tof_gas flow velocity on the rate _1
Of _hromlum .remOvalfrom the oxidizing.sample. Samples were Oxidized in._lowing, i]

_I Oxygen at two different flow velocities, namely.0.18 cm/sec .and1.7 am/see. The
l
, samples were Oxidized at 1050.°C'inan atmosphere containing 25 ppm NaCl(g). I]

Ill!iiI In the.case of s_Jnplesoxidized in Oxygen at 0..17era/see,theCr collection rate_
wa_-35-_g/hr. Subsequen.texamination of the surfaces indicated that the higher fl_w

_!i velocity hadelicitedsmaller but more nUmerouS breaks..inthe oxide scale, JI_ Fig. 78. The lower flow rate on the other hand had caused fewer but comparatively

ii!i laPger break_ in the oxide scale, Fig. 79. Thus this brief experiment has.shown i
tD.at,at least in a_ atmosphere of oxygen containing small amounts of NaCI vapor,
both _he..rateof chromium removal frant.theoxidizing surface and the oxide

_tructure formed on.that surface is a_function of the flow velocity of the
i! oxidizinggas.

d. _Oxidation 6f Elemental Cr in Air_(dry)_W_ith NaCl(_)__

Because of their .t_chnologicali_portance as.corrosion .resistantmaterials, .I
much effort over the year_shas been expended investigating the chromia formers,

(_efs. 72-99). Included_in this .wOrkhave been numerous studie-_involvin_ alloys [
in the Ni-Cr _ystem _ear.the Ni_25 wt % Cr composition. The r_ult_ of" I
tl_is_orR.indicate-that the scaling behavior,of th_ Ni_25 Cr composition is quit_
complex.. Sonicof the observations,made in this Study conce_'_ingtho effect of II
NaCl(g) at very low leVels.onthe scalin_ behavior.,of'Ni-25 Cr have b.eenattrlbut_d
by others to the intrinsic scaling Dehavior of the alloy itself. ....Thus i_-,order

to clarify this m_tter a few experiments were conducted with pure chromium to ,,
see if NaCl(_) exhibit@d.simila_ effects. Th_ use o_ elemental Cr would avoid

difficulties in the interpretation of'oXidation data resulting f_om alloyin_ effects.
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/ _el.i_._he_eoron,_eun_er_urfaceof, s_alet or.0nthe, surfaCe_f.the. Ill: u_derlying metal. In effect, if it were _ot known.beforehandthat these _Calas

hadbeen formed in atmospheres, containingvarying .amounts .Of gaSeouS NaOl, it-

'.- Would have. been difficult to. explain, the variety of effects observad on the [i

basis of oxlda_ion in air alone, L_

Thin ChrOmia .platelets have been repo_ted to form at the gas-scale interface. [i

il_ Of chrOmiumoxidiZed in dry oxygen at _O0°C for 120 hour_ (Ref. 76). How_ven
L_

:_ in the r_sults..repGrtedhere, el.. Fie, 88C, the chromia needles have grown at

_. the substrate-s_ale interface, not at the Scale-gas-interface. _ [I
!1 Li

With resRgct, tO the.,'ballooned" OXide microstructure for elemental..Cr sZow_

in Fi_. 89, it iS .informative tO examine the work of Caplan,,Harvey and Oohen [!
" (Re_..98), In their work dealing with the oxidation of. elemental chromium, U

they report largelxparabOlic Oxidation ki_etics for an entire range of surface .

treatmentS.. These .treatment_ran_e from Simply abraded surfaces to various [1
. elec_ro_olishing and etching trea_ments. The preferred electrolytic polishing--

L_

solution Ismperc_loric acid-acet;.c acid solution.althoug_ other _olutions were

investigated, in each case. in which the final treatment involved electrogoliS_ing I[
• wi_h either a perchlOriC aci:d;acetic acid solution or.-perch_loric acid alone and

no _ub_equent .etching to remo_e-the anodie film. formed,, breakaway Oxidation

.:_ kinetic_ were inVariablysubsequently ob_er_ved., similar effects wer.e reported Iilf_r'Fe-2_ Cr (Ref. 98) and Fe-26 Cr-O.5 Si.(Ref. 97). Furthermore, t_ese

' investlgators exami_edt_e effect 6# water vapor on the Ox_datlon of)chromium

a_d found ,_a, it was-no, respon_i_leI_,-t_e breakawa, oxidation Rinetic_ [land t_e _allOo_ed axid_ m_crostructure. Thos_ results are in agreement wi_h

resul.t_ of experiment_ reported here .....

' I 1Gi_gin_ and F_ttit studied the _xidatiOg behavior of Ni-Cr alloy_ (including

the Ni-20. Or.composition)at.800,1200¢C and ele_trop_li_hed Samples i_ .a salfuric

a_id-latic .acid-methyl. al_hol. _olutio_ but. did.not report. _ubsequent etching of 1 1
their,sa_pl_s, to remove:t_e a_Odic film.._R_f. 7S.), T_e _ignifi_ance of t_eir I

" results is t_a% _hey did n_, except for two.cases (One:.i_volving Ni-15 Cr at

900°C. and t_e second involving Ni-30 Cr .at 12000C), report any'breakaway-oxidation

@_fects. Also.L_well.(_ef, 7h) and Davis, Grahs_, a_d Kver_e_ (Ref:.93),

- u_i_g mee_anically ahraded s_@gimens,, did:net obServe._reak_.in _heir t_er_o-

gravi_etric .data. Similarly, Michei_, in a _tUdy largely.dealing._ith .the effects I

of..dispersoi_s on _H_ oxidation behavio_ of Ni'_20 C_,. did not re_ort _res_s. in

the_hermo_ravim_tric dat&.relatinA, to Ni_20 C_ (Ref. 9_).. These res_its are

i_ agreement with the r_sults, presented her_ in _hat the blank samples prepared I
'i!_ by mechmiical abrasion did..not.evo_e breakawaykinetics without NaCl(g_. present ..... I

wi_h or without water VapO_ add,dto the oXidlzing atmosphere..
!

Wood,and Ho_gkiess (.Re_. 72)studied the N_-Cr. alloys and in thei_ _ork I

they Used a.auar£_r_s_p_ri_n_balance Whic_ would maMe i% @as_ to Miss the occurrence

• !:1
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•'.i_' ,_ of:the early _cale breakage affect However they did observe•_uch a_ effect .

"'_-_i involving a Ni-27 Cr ._a_.p!_oxidized.at lO00°C. In their study the _ample_ were

.:"i prepared .by a variety .of tecllniques and tl_ey attributed maf_v of the effeczs, in

L":i II! Oxidation 'tO differences in _utfaee preparation.. Interestingly enough the

:.i:_.i _ _ eleCtr_ly.tlc etCIL used• by Wood .and HOdgkiess i_ the same one which yielded
<-r] breaks i_ the TGA curves for Cap!an, Harvey and Cohen ,(Ref..97).. •Wood and

_::.i QI Hodgkies_ reported that not all electropollshed specimens were. given a ._ubsequent.

:"":_ _! cathodic etch. Some of the sampies were thusly examined .in the electrolyti.Calls_
i:-::I polished, condition. However no mention is made specif_oing which treatment ea_l_

i.}:I" ii] sample recei.ved..WOod a_d.Hod_kie_s suS_ested thata"Cr20s" sub,cal, plays a keyihg
•' role which retains a protective Oxide •scale adjacent to. the metal substrate..

!:/:I"_ Failure _hen presumably Dccurs.by a mechanism of lifting and cracking accounting.

.:-."' _I for t_e...breakin t_e thermogravimetric data. However, by such a mechanism.scale

__' _" lifting and _raCking will o_cur randomly and more tSan a single break might

'i/!I" ba expecte_l..tobe obser_ecl in...a.thermogravimetrie curve for. a_. experiment

..I }]_ continued fcr any reasonable length of time.

:,I O_ the basi_ of" the .work l_re_ented .herein, mq alternative eX_la_ation .may be
.".i' u_ _uggested..Iluring the electropo.lishing l_rocedure some re._idual chloride from .the

•I I_ etchi_g solution is trappe_ witl_tn the a_odie film whiSt_is not completely ren_oved.

"i'I during; t_e subsequent etching step•

Thus the sample_, of chromium anodlcally polished b_t not etched pr.educed• J

mierostr_tures similar to those exhlbited hy _echanicallx abraded -m_mples

oxidized in an.NaCl-bearing atmesp_er_..Chro_hium..sam_les either attodically •
-i. . l_olished,in chlorine--containing solutiofis and _ubsequently .etched to .remove the

anodic oXide film or anodically .polished i_ nonchloride-co_taining solutions.,do.

=. _! not contain intrinsic Chloride -_ources. For-_che Fe-Cr allOys, examined by Caplan

[J and Cohen (Re$. 96), the sa_nl_lesshown to ..havebeen electrol_olislied in a

pechlotic acid-acetic..acid solution and not subsequently, etched exhibited .break_

in-the, oxidalio_ c.u_ve._. The pre_enee of a singular break, in. the_,I!

[]_ data r.eported.byOlg_i_s and Pettit (l_ef. 73)for the oXidatior_ b.ehavior o_a

Ni_20 Or. alloys .electropo-llsh_d and not subsequently etched _my have invcla_ed

: _I the similar e_It_apment of haio_en in the an_die oxide scale,

The experimental obse_.vatio_1that not every sample exp.osed.to Nacl(.g)

' 1 p r O du c. _ d a.break .in th_ .thermo_ravimetric data .su_gasts that the Ni-Cr. alloys

i her_in ,ma_ be .less suscept_.hle to sucl_ effects as compared wi__ure Cr
e_amined

and F_-C_ alloys (_ef, 9(%).

_ _ in Air.(d_r_)__fth. HCf(g).
Oxidation

It i. T_rmO_,raVimetric results
Th_ thel_m_gt'a_imetric data.fo_ N_-25 C_' oxidized at 900 and 1050°C are

If prised,ted in Fi_s.. 90, 91 ,rid 9_,
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il, .Metallogra_hie results H

The sample Of. Ni-25_Or..Oxi_ized at.1050°C in the presence Of i0 ppm HCf

exhibits.microstructures ran_fng from a presumably dense .compact Cr_O_ layer with. _]
acicular precipitates to internally, oxidized regions,. ?ig.-93 and _4_ .The W
extensive, regionsof i_ternally Oxidized material, Fig. 93,. ape perhaps related

to the large break in the thermo_ravimetric data, cf,._Fig. 92.
U

The effect-of low,.levels of HCI(g) (128.ppm) on the microstructure ofthe outer

oxide scale formed.on.Ni-25 Cr.at 10.50°0 can be seen in Figs, 95 and 96. •Note [I

that below_the .Or203 layer, the.graln boundaries .af the substrate alloy have been _
preferentially attacked ,'Fig. 96., The EDAX unit could detect no measurable

differences, in Cr levels .in areas, immediately adjacent to.such grain bonndaries •

as Oppose_ .tO those areas found in .the middle of such grains.. This effect may ...........W
be analogous to that already: reported _fez Ni-25 Cr exposed a_ i050°C__to NaCI,

The cross-Sectional .micrOStru_tur.e of Ni-_5 Cr oxidized, at i050°C. ".... U

in the .presence .of 126@_ppm HCl.indicate_ the occasional, presence of numerous voids

clustermd a_ the metal-oxide interface, Fig:. 97. The absence Of.suCh pores from _i!

the. interior O_ Samples st_ests that these pores are .not castingvOids.

Therefore these void_ are possibly Kirke_dali effect_ resulting_ from Or depletion -.-

in the alloy by. the HCI(g) in the:.oxidi_ing atmosphere. 11

f.. Oxidation in A'ir (__!)_with NaOH_g_

iJ
The thermOgravimetric behavior OfNi-2_ Cr oxidized in the presence of NaOH(g) i1

Su_ests. thatat t_ _.36 and _8.9-P_m levels parabolic Oxida_iO_ kinetics are. ij

bei_ observed while .at the O.16 p_m leve_ _ther effects may be bccuring, Fi_.

2, Condensed Studies

The the_mogra_i_etric data _.Na2S0_-_cOated NI-25 C_. is presented in Fig.
99. The Ini_ialiy rapid Weight chan_s (_oth galn and l_ssl at i050°C _ollowed .... _I

_.._ by slow parab_llc.-behavio_ has bee_ observed by Others. Wright, Wilcox. and

Jaf#ee (Ref.,99) repot.ted such BehaVlor _6ra variety of Ni-_Cr alloys which, had

b@@_ coat@d with Na2S04 and subs@q_entiy oxidized in iO0 tor_-oxygen at 1000 If
and li00°C. Bornstein and DeCresC@nt@ have r@ported the weight loss _eh_Vior

- in t_e 'cas@ of NI-13 Cr. and .Ni_17 Cr._oated With Na2SO . and oxidl*-e@ in oxygen
- at IO00°C (R_. 15).. HoweVer, .GO, el, Pmttit, and GoWard did.not bbs_rV_ this ...._I

effect in the cas@ of a N_SO_'-coated NI-30 Cr sample oxidized.in oxygen at

I'I





? :

i,e., the oxide_mOlten salt interface. The precipitation reaction then reportedly r:

m• l_ll.__. ambient atmosphez_ interface (Ref. 99).

[!

":I L1:_::i.: i.. Thermogravimetr_c results

The data for Ni-25 Cr coated .with Na_SO, and subsequently exposed to NaCl .

vapors in the range of 0.27_ to 47 ppm at _O.0_and 1050Oc are presented in Figs..
106 and 107, respectively. These results .are analogous to the behavior Observed

for Na2SO_-cOated Ni-2_ Cr.in .the.absence of NaCl(._). Accordingly based, on the

[/. Ir thermOgravimetri_ data alone, the effect of NaCI .vapor here.is not known. [j
!:!i However, the tendency to lose weight appears related to the level of NaCl(g/.__ _i
I'

If:i/i oA striking characteristic of the data for._a_SO_-coa_ed samples oxidized at ..,i}I
_./!! 1050 C_in _he presence of NaC1 vapors iS the initially large weight, los_ behavibr

lasting for several hours followed bx very-low, oxidation (.corrosion) kinetics, i! j.q, [The noted exceptions are the samples exposed to 124. and 136 ppm NaCI vapor_] L_

!I. The initial weight losses here correspond approxfmately to the s_..ountof Na2SO _

•":ii.. ii. Metallographic restLlts ..

Examination of the sampl_ exposed at 105GOc %o 12h ppm NaC1 shOw_ surface [!

tbpography almost analogous tO that seen for.the. similarly exposed Sample in tke_

absence of'NaCi. Again, very slight traces of Si and even finer traces of Ca . )-,,

were detected _ut could not be definitely assigned to any particular surface _.I :

feature. -Neither sodium nor c_lorine were detected_ in any of t_e _urface . j.:!

_tructures exam£ned. ['i'

in the case-Of: Ni-25 Cr Samples coated with Na2SO k and OxidiZed at i(150°C" I-_i'_with and without NaCI vapors present.in the atmbspheres, the expected dense _I

Cr203 oxide layer.has been modified by the Na2SO _ .- The form 6f the Cr_O 3 c?ystals _.',i
observed here suggest_ that they. grew by processe_ Simila_ to t_O%e occurring .... I

Iadditions.of NaCl(&l__rese_t, ef, F_. 100 and_i01. [

Thus, the mol.ten salt possibly .feSponsibl_ ._or.this crystaiifne growth has. itotally vaporized (slnce nelther. Na nor.8 w_re found by EDAX. procedures). This

Su_ges%iorL is not un_easonable in vl_w ofoth_ large _el_ht loss_s associated

with _he.%hermogr.avimetric data, of. Fi_. 99 Knd 107.. The co_pact oxide iv_9_r

atth@ surface o_ Na2so_-_oat@d ssmi_les oxtdfz_d at 1050°C-a_cording to the --J i1
EDAX is no% likely Cr203 but %he NI-Cr. sl_inel. '_ [i

[)' ':1_!
I :
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;_:i:i:_1 ' i Fll l_e_aalirl_thedeleteriousel'feet oi' _aCl(_)on,tt_eoxidationb_havior:_f_.tl-,
i:711i ,| LI Ni-2_cra_ elementalCr,e_rlme_tsinv_ivln_elementalc_romlu__e
[;:.i!] _.| Conducted with..bOth N_SO_ and NaCI vapors: in the atmosphere. Figure 108 _hc'.,'_

!:"i !| [I the _fect o_ 283 ppm of NaCi in the .atmosphere O_ the I050Oc oxidation of .

__.....' ! I U Na_SO_-c_ated-Cr. Apparently, on the basis of .t.he.thermagravimet._ic data.a!cne

-!a" and for the time_ examined _ere, .the._a2SO4 mitigates _he NaCi(_). a_tack on •

r] chromium, cf..Fi_. 81.. Subsequent exami'nation of the sure'ace microstructureof this. chromium sampie showed a dense fi_e-_rained compact chromia layer, adjacent

tO the Cr metal _ubstrate, _ig.. i09,. Above this layer, Cr203 platele_s are

found. .No Na, S or CI were.-detecte_ by EDAX on the surface of _he oxidize_.• Sample _ However, _h_omium _Ulfides were subse_l_ently detected metalA"Ogra_h___al_._,_-
in _}%e _ubstrate belo_ the m_tal-oxide interface.

_i The cause for the apparently ;bene/'i_ialbehavlor.of Na2S0 _ deposits
• tOwarUi.NaCl(g) attack Of th_-chromla _ormers Ni-2_ Cr.and Cr is currently no_

_i[ u_derstOad. However, this observation i_ i_ agreement with cOmments.that

in marin_ and.industrial atm_._phere_ COntaining both NaCI and _ulfur species

the chror_ia fo_mi_g alloy_ are preferred.

c. E_o_In Ai_:i._'lwithHc_i_l

H i. Th_,rmo6ravlme%ri_ results, .

The thermogravi_etric data _or-Ni_25 Cr s_..ples coated with Na2SO _ and

exposed %o HCl atmospheres at 900 and_1050°C is.presented in Fig. II0 and ill,respectively,• The oxidatibn behavior of the _a2SO_-coated smmpl_s exposed %o
128 ppm HCI at both 900 and i050°C in t_e _as a_osphere iss as seen be for_,

J. commensurate with i_itially very transitory oxidation kinetics follow_d bya_parently almost -_iMple OXidation kinetics. Apparently at 900°C, lO pF_..HC1

in th_ _a_ phase is insufficient to cause thi_ t_pe of behavior. The Sar_ple

exposed to lO.opm HCI at.900°C exhibited a few segregate yellowish depo_i:s.. (NarSO_ �somechromium Bearing moiety, perhaps..Na.CrO_z•) after corrosion ,"
while the sa_pl_s exposed, to128 pp_ HCI at_osp_,.h.eres exhibited _o sUch._._i_,.ble

- H deOos 3.t s.
u!

ii. Me talle_raphic :result-s

_[ The s_.mple eXposei at 900°C'to atmospheres containing 128 F_in RCI showed

both C_20_. plathlets, g_.owing,from•the surface and int%raal s_/lfide•pa?tlcles,

. _ig." 112. The erystals developing on the s_rface neithe_ toiall.v.Cover..the ..enti're surfaC_ no2 are they an uncommon surface feature. A.fter 20 hours

exposure .1% i050°C in air Containing i0 ppm HCl, the-e_ternal growth.of C_-20_

_ cryst_is is accentuated, Fi_, 113, The compact oxide layer, at %he surface ofthe metal whe_.a large growlh of _2.0_ crystals occur.z is thinner an_
not apparently as dense a_d compact as where such crystals are absent, Fig. llh..

II
: h3 _:_2.....: : ......... ...........



• I d. Carbon in Air (d___,)

"1 i. Thermc_Pavimetrio results

....' The %hermo_ravimetric data for the ox_aat_on of. carbon-coated .... ,..
" _,i at lO_09C_in air i_ ,_hOwn in Fig, 115. This curv_ i_ very _imilar tc t._.atzhown

:"'_ by Ni-25 Cr in simple oxidation.at thi_ tempemature, cf' Fig. 60. tl
, .v

,t:l

_J:i',_ e. Carbon in.Air (dry)_wfth NaCI_ 11
! II

•:.! i. Th_rmogravimetri_ results m_

: I

•_ The thermogravimetric results fOr.carbon,coated Ni-25"Cr presente_ ":n.

'_':, Fig. 116 •are. _imilar to those found for simple• oxidation in the presence of

' i NaCl or HCI., e.g. Fig. 6h and 62.

:i:j f. Carbon i_ Air (_dr__v)withHCl(g)._

i. Thefmo[[ravimetfic results
I

i A carbon coating on %he Ni-25. Cr'ss-_ple resulted in almost continuous .

isothermal Scal_ cracking an! _ligh_ Spallation at 900°C in air with HCl(g), _I
Fig. i!7.

i g. Carbon in Air _dr.bv)with NaOH(_)_
!

• !

I i. Thefmo_.ravime%ric results

Ui I The iO50°C oxidation behavior of carbon-coated.Ni-25 Cr in .atmospI)ere_

•i i containing NaOH(g) indicates isothermal .scale .breakage and, perhaps, slight --
' spalla_on+' effects, Fig. 118. These results.are similar •to those eb_erved

I_ fo._ carbon-coated .Ni-25 .Cr oxidized in atmosl_heres aontainlng HCl(g), c/'..

i_I Fig. 117. The data.repo_%ed here do not indicate large.differences in weight
change behavio_ with variations in NaOH(g) concentrations in the ran_.e ex_::.ihed. H

n_g

ii I h, Carbon %'iZh I'_a2SO4 in Air idD'!

II _.
• ..] i. -.Ther.m,o_a_ime.tricresults
• I

-_I The i050°C "oxidation behavior, of_Ni-25 Cr coated with both Nay SO_ and ||

_ g_'aRhite,is shown in .Fig..ll9 and .is similar to that observed .#or _h_ N!'-['5Cr

I alloy coated with Na2So_ alone,, cf. Fig..99-.. The amount of tlme required to

remove the _aySO _ deposit (1,72 rag/ca ) her.e,has i_ct_eased by approximately a

CI #actor of 3-(i._,, i_ hoars) compared _'ith the h houfs.needed there to

i remove 0_56 mg/c_h2,.Fig_ 99, The carbon is not markedly affecting the bcl;:_v!e:"
[1



i • i

U of the Na2S0 _ de.pOSit wlth.re_pect %0 its intera_ti•on with the subStrate_.

i. Carbon with Na2S_O4_in Air (dr_j)with NaCi(_)

i. Th_rmogravimetric results . ,i

The Ni-25 Cr sampl_ coated with carbon i_ addition to Na SO and oxidizedin air with NaCl(g-) exhibit thermOgravlmetric data _imilar-to _ha_ for .the

Oxidized samples .cOated only with Na2so 4, Fig. 120, cf. Fig. lOT.

Li 'J. CarbOn with Na2SO__in Air £dLv)with HCllg) _'i
• ---

L i Thermo_ravimetric data _ _
The thermogravimetric .data for samples .coated with both Na SO and car_on

2 4
and oxidized at 900 _d I050°C is presented in Fig. i_I. These results indi.cat_

v_ry_erratic behavior quite unlike that followed by samples zimp!y _oated wi_h

Na_SO,, deposits..and .oxidized in HCf(g) atmospher_, c_'.Ffg. !!i. Furthermore,

the rate of loss_ of;the Na2SO _ deposits .is slower, here than wa_ the case when• carbo_ was absen_ from the deposit, The r@a_on _or this behavior is not ._

presently •understood.

i.l
A

Th_ _hermo_ravimetric data fortNi-25 Cr coated both with Na_SO_ and carbon ii

are presented i_ Fig. 122. Tl_es_r.esult_ are i_ qualitative agr_emen_ withwi_at ha_ been observed f_r.Ni-25 Cr coated with Na_SO_ and _xidi_.ed i_ ":

air alone, c#. Fi_. 99. At 900°C _li_ht but •erratic .weight _ain_ are

Observed. At I050°C, On t_e other hand, uniformly ral_id weight l@s_.i_

[_ observed ........................

{_I C'.._1900: A Sup_llo._ _.

T/,e _aJor thrust of this work has .dealt with the elementary though.technolo_cally important alumina _ud ch_omia @ormers. Ho_ver., a few ex-

l_rime_ts were. p@_formed to briefly det_rmin@-if NaCl(g) at a low._actlvit_•

@_hlbitS any e£Oect on _he oxidation behavior_ o# th_ _uperalloy B-1900. Th_

Composition of B'-IOO0 is 8.0 C_,_IO.O Co, 1.0 Ti, 6.0 AI, 6.0 Mo, O.ii C,
_.0 Ta, 0.015 B _ith the balance nickel (Ref, I00),.

[1 i• The _XidiZ_d sub,ace o¢ .B-1900 eXp_osOd to air at i050°C fo,A6_ hours is ,,._

seen in Fi_. 123. This st:trace o_ide lay@_ is irregular-with m_ny elements from {._

11 .
........... . .... ,,.. ...... _- , ..... , .... " k. ..... _-._...... .." , , , , '. _.." .... f_ ....... , ..... , j
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•: .: the sub, irate-present there. This resulX is in agreement with.the work of If•- • Fryburg, et -al. (_ef, 60) .in which B-19OO. mt .lO00-C in oxidation was ..described .,

a-_ an alumlna-.former with a little Cr203 and NiO dissolved in.the protective

. alt_mina l_yer, ii

A B-1900 sample similarly oxidized at 10.50°C.in air with 195 ppm NaC1, .

Fig, 124, produced a heterogeneoUS, surface as compared with the Sample _ [I

i,:.i oxidized in air alone, Fig, 123. In addition, aluminum,rich blades as
determined by. EDAX are also present, Fig. 12_. and l_.. These aluminum-rich__i_.

blades were not seen in .thesample Oxidized iru.air alone, .Moreover, metailo-. Ill_"._ graphic cross-Sections .Of %his sample_.showed .a typi.cal substrate microstructure .. .

;._...! that coUld be associated with the .ho.t..cOrrOsiO_ of this alloy, Rig.. 1261.. I_

iS emphasized that no Na2S0_ was present nor applied. Based on the previous _I

";:_ work and the observation of alumina .wh/skers on.the surfaCe.ofthe B-1900 ..

'_.,, sample.oxidized in.air .with NaCl(g) present, it is .expected that the substrate

•"It Should exhibit, areas.high.'lydepleted in _' (Ni_AI) .... Such areas, are found.in the [_

'";ii regions in the substrate i_ediately below ._ubstrate regions affected by the ,

anOmolouS-oxidation p.r.OCess,Fig. 127.. It is apparen.t,t_at A1 depletion is

li Occurring fa_ter than 7' coarsening occurs beCauSe.areas .of the substrate ,_i
i: iI adJacent.ta normal oxide scales sho_ed: .I) much thinner. scales and no _

'_ significant 7' depletion zones_, and 2) slight _' coarsening, in the substrate

i. at the base of such oxide, scales, Fig..128 .............. _

• _i, Therefore,. this study has demonstrated that..Na_l(g) a_ low activities affects

_i the oxidation behavior of B-1900 ....The type, of. interaction here _is similar, to '_I

i_ that seen in the case of NiAI. However,. since. B-1900. ha_ much less alumShum

:i than. NiAI, i.e., 6.0..wt_ compared with 31.06 wt%, respectively, the less of

aluminum .in the ca_e of t_e. former will .more rapidly lead to Inter_al oxidation 7_

i!_ and alloy _epletion effects as shown here. ?urthermore. thiscan lead ,tOa
il non-u_ifOrm attack of the. subStrate. AlsO, as was diScuSsed in the case of

NiAI, _he NaCI normally pre_ent .in .Na2SO_ at impurity levels .(low ppm .values) .is _'_
SuffiCient tO effect alloy del_letio_ of aluminum and alumina Scal_ _rea_dO_.. _

!i:, TherefOre work .is. needed t_ characterize .the minimum conce_tration..nece_sary i

.i _Or..vari_Us gaseOu_ COrr_de_t_.tO. el,oCt prOteOtive-s_aie breakd_w_ in _Oth !I
/ oxidizlng- a_d Na2SO_,i_duced .corrosion condi_ion_.

l_the NaCI h._re is..also,.interactin_ with .the chromiu_ present, in .the B_IgO0 i_

s_bstrat@s, such an interactio_ was not obviously apparen._. However, suc_. _|

i_teramtio_, based O_ the results pre_e_ted her, in for Ni.-25 Cr and elemental

chromium, Would b, expected, i_

FUrth_rmo_e, it is unr*asona_la to assume that _-i900 is unique among the

sup.@railo_s regardin_ its interaction _ith NaOl(g.). However, the ext_nt of.this. ||

interaction for other alloys nmy be different bo_h qualitatively and q_antitativ_ly _:

depe_ding on both the alloy Ch_i'stry and the eXaCt distribution of the chemical

ei@ments among %_e variOUs ph&ses @reSent @or each alloy, |!

m , _



3. In oxidation, mixtures of air and_the._gaseous corrodCnts .1"or.ma-A1203
whiskers on the dense a/Umina Scale..The.formation of these whiSkerS locally

depletes the substrate o/_ aluminum and progressively, weakens tlle.mechinical' . bond between tl_e dense scale and the _str_te leadin@ to isothermal stale

rupture. ,

ill 4.. _ze rate of alumina scale rupturing varies inversely with .the level

of._aCl(g) in .the .oxidizing atmosDhere for the concentr,%tions_examined here,._...i,_e,,

'_1i] approximately 0..ito lSO p_z% (by weight).

5.. WitJ%_respec.tto oxidation of the.superalloy B-1900 in the presence of

NaCI(_),. AloO, crystals grew on the surface of.the dense oxide scale.. The source• of the. aluminum is the garmha prime which underwent irregular and local depletion

aloSg the. sUbstrate-oxide interface. .The micr.ostr_cture.of, the alloy.-is tl%e_'efore

,_ similar in m_n_- respect to that observed for Na2SOh-ind_ced corrosion,
6. W_th respect to the .chromia former Ni-2_ _t. _,_Cr, .chlorides produc_

L_ t}_e "S" shaped c_n-ves characteristic of breakaway oxidation.. Moreover, theoxide scal_ formed on th_ surface of the Ni-95 .Cr.allay, i_ Cr203 and. NiOr20 _.

7. _n the.oXidi-_ing atmospheres co_taising gaseous chlorides, chro,ium

has been identified in residues deposited do%u_stream from• the chromium m_d

Ni_25 wt.% Cr specimens. T_,e Vapor. species respo2,_ible for this transport'-_a_,e

recentlyl b_mn reported bE stearns et al.. (R_{. 65) and Fr,vbur@ et. al (Raf_._66)
•_ to b_ pr-incipally (NaCI) x CrO 3, x _ i, 2, 3, and (NaOH)x CrO3, .._._i_..2. As a

result o_ .p_e#e_entiai e|_romi_m depletion, an extended Cr de_qetion zone is.9errand in.

the Ni-25 wt _

._ Cr. alloy. Mo_eove_ _ the rate-of chromium re,oval fro_! the _xld_z/nc,
sut#ace and •£h_• type o@ sur.gace oxide structure fo,_med on Ni-25 wt.% Cr•is

dependent on the velocity of the_NaCl(_alni_, at_oslSh_re @lowiu_ at,'oss the

i_ surface.
8. The structu_ of the oxide _cale. for_,d on elemeutal chromiu_ is de-

_. pr_nd_nt up.or,,the concentratio_ of NaCl(g)" ifithe- environment, Tl_e.ld_:h],vcohvo-i_ted-scale fo_m_d a_t_r electropolfshlng of chromiu_i is ,reproduced w}_e_ t_c

metal is exposed £o atmospheres cnn£_,_ih_-gaseous NaCI .........................................
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_, _i ._OU_ _ _U_%_'_ I_1_ (_ o_e _. I_4 _h._l.u_)i_. l__i' _d_ _ Iii
N,_SO h is.nor p.,'ez_ere_ti,ully io_}% by heat ln_'the _alt st. 000°12 t'o_" h_ hou_':_.

oi'.Al_03.whisket_ .that i"O_m_on the. A]_03 sU]'1'ace.. .The fo_m_at.ion o1# those _'hiake_-s
{,

%nfer_that ahm',_nU_-_s removed. £_'0_,_ti_e me.tal-ox_de, i:_t,e._'f,4_-e.,t.he_-(_b_!deplet in_-.

i" o.

ii. .The. _'esults..p.resented..h_re su_t,_testthe u_'-eof" ._].tu.lin_icompounds a_ .........

su]tid,_t.]on.iflhibitor,_. .The ,.u_.c_,-_.-_"-_,',:dep.end_ upon achieving.,,:ult,able _'eduei_6

co_iditfen_.u,Ader _lu[ch. mt '"AI-N_CI ....mei,,t.y can p_:efe_.ent,i_lly be £o_'med wi_h the _..! "" !

a_u_._num suppl'ied by the inhibito_,-.

i_. T_e ;,rese,_e o£.cat-bou .codeposited.wJth Na2S0 h.onto NIAI .resulted i:t..... [

lower _t_t.eso# oxidat ion "at a00"C and v.i_'tua]l,_;no effect, at ..1050oC.. h'_,th

_'espect, to tlle slle,v N_-:,.5'"_ %tt.._C}', the.,the:'mog::_vimet_'ic dnt,-_,_u_.l,e_',,'''_+_ iho- [ '

t_,el_al scale •h_"@akage occur,2iug;.the c:u_-_e is _!ot .kt_o_::,, %,

13.. h'ith..,respect to the ,hot eoz'rosie,,_,or" N_-3_" wt .._:_Cr i_i the absence of ._he I
sodfum sulfate., %he 6aseou_ NnCI de£1et_es the su_zf_£_....ot"ch___'omi_-.t.In.the p#esence

of N&_SO h, the-role o9 ,_h_Cl(g) is unc].e_r...

14. The ]?l'eef_.',e meet_,'_i._:_ involving n!u:t_inuz:_ t_"u_po_'t in b,,th oXidntion ._

and NajeOh-Jnduced hot eo_u'e_-'ton proc_._se_ ha:_ been dese_'ibed in" q u_litqt_Jve .... :
_erms. \'i1"t.uallx.;lethin_::l_, kn-_:n, oi' c,_ _he:" the In'eci_'.e-e_,q_o.<It.ion oi' the i

_.g_Oud specie:',,involved _l_ t.hi',_tr,_:,,sporte;,'clc or the m4ch,%t_-stie.p::th_,_ys i

fo_'_-.dif#us.ibn"or" the pe'.'-tinentspecies throutth othe_'_ti_e dour'.- sc.ales, ,,lm._lar-

c6_ment.s..!so .%!'p]:: to the cln'omit_ £erme_'s in oxtd.'ltion _.xcept that the x'nuo_" _' ,i

_pecies resultin,: £_t,r,.t.he :utet',_ctlon o£NaC/ with ehl,omia }ua_'ebeen _de_ti1'ied {i [

(_t,n,._6%a,_,_6(,!. .,

1
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